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Dissolved molecules in the cylindrical pores and adsorbed molecules in the microcracks 

diffuse through the kerogen microstructure to the inorganic shale matrix. SEM 

reconstructed shale pore structures bypass micropores and the preservation of the 

associated organic matter heterogeneity is uncertain during pyrolysis which results in 

erroneous modeling of the reservoir transport mechanisms. In this study, a comprehensive 

molecular simulation workflow was utilized to develop a new self-diffusion and shale 

apparent permeability model for realistic kerogen structures and complex geometry, after 

a robust validation with both experimental and computational datasets. The results revealed 

that the impact of organic matter heterogeneity in the form of diffusion tortuosity, sorbed 

gas interaction, and effective confining pressure on transport phenomena is higher in 

micropores when reservoir pressure depletion reaches below 2,000 psi. Furthermore, the 

results were extended to formulate a novel simulation framework based on Gaussian 

Pressure Transients that coupled these multiscale physics models to describe flow in 

hydraulic fractured shale gas reservoirs. Results are sensitive to the essential reservoir 

parameters of pressure depletion, matrix permeability, organic content, and local 

heterogeneity. The simultaneous solution of molecular and pressure diffusivity equations 

reveals their interdependencies. The flux of the sorbed phase contributes to the production 
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rate by some factor that is determined by the organic matter sorption capacity. The 

methodology provided in this study can be utilized to simulate mass transport in shale 

reservoirs and predict hydrocarbon production rates, which may greatly aid asset 

management decisions and maximization of the ultimate recovery. 
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 ملخص الرسالة

 
 

 كليمنت تشيكوبي افاغوو :الاسم الكامل
 

 دراسات الامتزاز والانتشار متعدد النطاقات في خزانات الغاز الصخري غير التقليدية :عنوان الرسالة
 

 هندسة البترول التخصص:
 

 2023يناير  :تاريخ الدرجة العلمية
 

نماذج النفاذية الظاهرة من الصخر الزيتي في الأدبيات لوصف تدفقات الانتشار في المسام النانوية للمادة العضوية ، يتم إجراؤها 

التي تعطي تمثيلًا غير واقعي  SEM بشكل أساسي باستخدام الأنابيب النانوية الكربونية ، وشقوق الكربون ، والجرافيت ، وصور

لعدم تجانس المادة العضوية في الصخر الزيتي من حيث بنية المسام وتكوينها ، والتي يؤدي إلى نمذجة خاطئة لآليات نقل الخزان. 

في هذه الدراسة ، تم استخدام سير عمل محاكاة جزيئية شامل لتطوير نموذج جديد للنفاذية الواضحة للًنتشار الذاتي والصخر 

الزيتي لهياكل الكيروجين الواقعية والهندسة المعقدة ، بعد التحقق من صحة قوية مع كل من مجموعات البيانات التجريبية 

والحسابية. كشفت النتائج أن تأثير عدم تجانس المادة العضوية في شكل بداية نظام الانتشار الانتقالي المتأخر ، وتعرج الانتشار ، 

وتفاعل الغاز الممتص وضغط الحصر الفعال يكون أعلى في المسام الدقيقة عندما يصل استنفاد ضغط المسام إلى أقل من 2000 

رطل لكل بوصة مربعة. علًوة على ذلك ، تم تمديد النتائج لتشكيل إطار محاكاة جديد يعتمد على عابرات الضغط الغاوسي التي 

اقترن هذه النماذج الفيزيائية متعددة النطاقات لوصف التدفق في خزانات الغاز الصخري المكسور الهيدروليكي. النتائج حساسة 

لمعايير المكمن الأساسية لاستنفاد الضغط ونفاذية مادة الأساس والمحتوى العضوي وعدم التجانس المحلي. يكشف الحل المتزامن 

لمعادلات الانتشار الجزيئي والضغط عن الترابط بينهما. يساهم تدفق المرحلة الممتصة في معدل الإنتاج ببعض العوامل التي 

تحددها قدرة امتصاص المادة العضوية. يمكن استخدام المنهجية الواردة في هذه الدراسة لمحاكاة النقل الجماعي في الخزانات 

الصخرية والتنبؤ بمعدلات إنتاج الهيدروكربونات ، والتي قد تساعد بشكل كبير في اتخاذ قرارات إدارة الأصول وتعظيم الانتعاش 

 .النهائي
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1 CHAPTER 1 

INTRODUCTION 

The production of hydrocarbons from unconventional reservoirs has increased 

significantly in recent times, especially in the United States [1]. Technological 

breakthroughs in fracturing techniques and horizontal well drilling are keys to the 

improved exploitation of hydrocarbons in these types of assets. Unconventional reservoirs 

refer to hydrocarbon-bearing rock types that require well stimulation and enhancement to 

produce oil and gas in commercial quantities. Examples of such rocks include tight gas 

sandstone, gas hydrates, oil shale formations, heavy oil sandstone, and shale gas rocks, 

among others. Shale gas is a type of unconventional formation, that is formed through an 

abiogenic and biogenic process at a great burial depth and certain temperature condition, 

exists as a source and reservoir rock [2,3], and commonly exploited in the fossil fuel 

industry. Tight sand and shale gas constitute over 60% of natural gas production in the 

United States. By 2050, it could make up over 90% of total U.S gas production [4] (Figure 

1). Interestingly, organic-rich shale has the greatest potential among these unconventional 

resources [5]. The organic matter (OM) present is dispersed; a major component of these 

scattered compounds in potentially lucrative shale formations is known as kerogen [6]. 

Kerogen is an insoluble organic compound present in shale reservoirs with its elemental 

composition varying based on its origin and maturation [7]. Scanning electron microscopy 

(SEM) images of shale samples have revealed evidence of kerogen distribution within 
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inorganic matrix minerals, though this high resolution imaging technique may be 

inadequate to resolve OM with pore sizes below five nanometers [2, 5–10].  

 

Figure 1 U.S. dry natural gas production increase due to development of tight and shale resources (U.S. Energy 

Information Agency [4]) 

 

The primary component of shale gas is methane, in addition to small quantities of carbon 

dioxide, nitrogen, water, ethane, and propane [15]. Methane is stored as bulk gas, adsorbed 

and dissolved gas; and are located in shale pores, phase-transitioning near organic walls 

and within OM, respectively. Some of the gas is stored in bulk near the adsorbed phase 

regions [16]. The quantity of gas stored varies significantly by pore size, surface chemistry, 

depth, temperature, pressure, organic content and variable water saturation [17–20]. The 

multiple pores that exist in mud rocks are subdivided into three basic categories, based on 

the International Union of Pure and Applied Chemistry, micropores (<2 nm), meso-pores 

(2 to 50 nm), and macro-pores (> 50 nm) [18,19,21]. The IUPAC grouping will be used 
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for all material pore size characterization throughout this study. While some organic shale 

samples may have a small fraction of micropores, there are a number of shale formations 

with over 30% micropores [22,23]. Gou et al. [23] imaged the Longmaxi organic-rich shale 

using a combination of high-resolution scanning and gas adsorption technique, and 

observed 2–98.5 μm sized microfracture, which accounted for 16% of total pore volume, 

while micropores (0.305–2 nm), mesopores (2–50 nm), and macropores (50 nm – 2 µm) 

accounted for 33%, 36%, 14% of pore volume respectively. Researchers use the term 

micro-porosity to describe pores with 0.5 to 5.0 nm radii [24]. The physics of porous media 

vary by pore scale.  

Much effort has been made in the literature to explain that the detailed mass transport 

mechanisms responsible for the well rate when producing from shale formations differ 

from  simulation models used in conventional reservoir engineering [25]. For instance, the 

Darcy flow is valid for macro-pores, but will produce erroneous results if employed solely 

to model gas transport in micro- and meso-porous materials [26–29]. The sedimentation 

processes responsible for shale formation in a quiet marine environment reduces the 

petrophysical quality of the reservoir (i.e. porosity and permeability), while the presence 

of quartz induces brittleness that renders shales subject to abundant natural fractures upon 

deep burial [30,31]. The presence of organic matter adds more complexity, as the 

hydrocarbon accumulation in the formation is self-sourced, with a significant amount of 

gas trapped in the nano- and micropores associated with the organic matter [10,32–38]. 

Analysis of the transport modes revealed the self-diffusion as the primary transport 

mechanism in these micropores [39–42]. Self-diffusion is governed by the pressure and the 

effective size. During typical span, the pressure drops which influences the sorption profile, 
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the net overburden stress on the pores, and the mean free path altering the magnitude of 

self-diffusivity. The ability to couple the multiscale physics, especially the transport 

physics in nanopores to simulate large scale flow in hydraulic fractured reservoirs still 

require more attention. 

The remainder of this work is organized as follows. The chapter 2 will provide a detailed 

literature review to clay chemistry, kerogen chemical structure, kerogen adsorption, 

diffusion and a survey of diffusion tortuosity, which is the pore structure parameters that 

controls the self-diffusion mechanism. Consequently, survey the shale gas analytical and 

numerical transport models and compare their limitations and strengths in order to provide 

research gaps. Afterwards, the traditional simulation workflow that couples these transport 

physics to simulate flow in hydraulic-fractured shale gas reservoirs will be reviewed in the 

same chapter in order to identify research problem statements and formulate objectives 

accordingly in chapter 3. In chapter 4, the pore volume characteristics of clay-rich shale 

will be studied using a low-temperature adsorption experiment and the relationship to their 

chemical composition will be established. The main self-diffusion controlling pore 

structure characteristics of a realistic kerogen will be unraveled for the first time in 

literature, considering the impact of adsorption using adsorption-diffusion-tortuosity 

relationship in chapter 5. The insights obtained from decoupling the pore structure, sorption 

and self-diffusivity of natural gas was used in chapter 6 to propose an effective diffusion 

model that is validated with molecular simulation data to describe transport mechanisms 

in complex organic matter structures. Thereafter, the self-diffusivity model was utilized to 

update apparent permeability models for shale containing realistic kerogen of both circular 

and square geometry in chapter 7, and a new simulation framework based on Gaussian 
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Pressure Transients was introduced modeling production in hydraulic fractured shale gas 

reservoirs in chapter 8. Finally, conclusions and recommendations for follow up studies 

such as considering phase behavior in a condensate or a system of liquid and methane gas 

hosting in a microporous kerogen structure, and other trending studies will be provided in 

chapter 9.  
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2 CHAPTER 2 

LITERATURE REVIEW 

Figure 2 shows some SEM images of shale samples containing both organic and inorganic 

matter nanopores [7]. Besides the organics, clay mineral is one of the constituents of shale 

matrix with significant adsorption capacity due to its unique inter-layer and external 

surface charges [43,44], and will be reviewed based on previous studies in section 2.1 of 

this chapter. Furthermore, discuss the characterization techniques of the pore systems in 

the same section 2.1.  

The definition of kerogen has previously been provided as a type of insoluble organic 

matter and could vary with type and maturity which depends on the environment of 

deposition. In order to provide a better background of kerogen heterogeneity, the different 

kerogen types and chemical structures proposed in the literature will be reviewed in section 

2.2. A literature survey of pore diffusion models for straight nanopores, sorbed gas and 

effective diffusion of sorbed gas studies will be provided in section 2.3. Afterwards, we 

will review the kerogen effective diffusion tortuosity, an important pore structural 

parameter in the discussion of gas transport in the same section, with more emphasis on 

diffusion tortuosity models as it relates effective diffusion of sorbed gases in kerogen. 

Finally, based on the established understanding of clay and organic matter pore structures, 

which constitute the main components that hosts natural gas in shale especially in sorbed 

phase (sections 2.1 to 2.3), some common shale apparent permeability models and transport 



7 

 

simulators are highlighted in section 2.4 and 2.5 respectively. Next, the overall research 

gap and ultimate research objectives will be given in chapter 3.   

 

Figure 2 SEM images showing the nanostructure of the organic matter and inorganic minerals in shale matrix 

obtained from different sources. (a) Sichuan, (b) Green River (c) Green River, (d and e) Longmaxi, and (f) Eagle 

Ford [7]. 

 

2.1    Clay chemistry 

Clay minerals can exist in both a free state and as components of inorganic minerals present 

in shale reservoirs [10,25,45]. Clay minerals are phyllosilicate and layered structures with 

net negatively charged internal surface layers and a charged edge. A clay crystal cell is an 

aggregation of an octahedral sheet of Brucite and/or Gibbsite and tetrahedral sheet of 

silicates [46,47]. The unit cell in a silica tetrahedral sheet contains a cation and four anionic 

oxygen atoms, and forms a continuous tetrahedral sheet, by sharing three out of its four 

corners with other tetrahedrons. Meanwhile, the unit cell in an alumina octahedral sheet 

has a cation and six oxygen anions and forms an octahedral sheet by adjoining with other 
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octahedron cells. The most common cations in the octahedral are Fe2+, Fe3+, Mg2+, and/or 

Al3+, while those in the tetrahedral sheets are Si4+, and/or Al3+ respectively [48,49]. The 

different arrangements of the sheets and cations through isomorphous substitution 

phenomenon, gave rise to the variety of clay minerals that exist in nature [50]. The relative 

amount of tetrahedral (T) and octahedral (O) sheets in clay is generally described by T-O 

and T-O-T nomenclature, in 1:1 and 2:1 respectively [51].  

The structural cations in clay sheets undergo isomorphous substitution, to create a net 

negative or positive charged surface. For instance, Al3+ and/or Fe3+ could substitute some 

Si4+ in the silicate sheet to result in a deficit charge of negative one on the clay surface. 

Similarly, Fe2+ and/or Mg2+ substitutes some Al3+ in the tetrahedral sheet of silicates to 

create a net negative charge. Cation exchange capacity (CEC) is the degree of negativity 

of a clay face charge. Depending on the environment of deposition, diagenetic processes, 

and one or both processes in isomorphous substitution occur to form the various types of 

clay minerals in nature [52]. More so, the degree of CEC is sensitive to the type of 

interlayer bonding that exists during its formation. Weak interlayer bonding like Vander 

Waal forces breaks easily, while strong intermolecular bonding like hydrogen bond yields 

more layers of tetrahedral and octahedral sheets per clay mineral. In other words, the latter 

will possess larger particle sizes and lower specific surface area. This process explains why 

kaolinite with hydrogen interlayer bonds have large particle sizes and consequently possess 

a small specific surface and lesser sites for isomorphous substitution. Conversely, 

montmorillonite, with weak Vander Waal forces, has a small particle size, a high specific 

surface and possesses more sites for isomorphous substitution and cation exchange [47]. 
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Table 1 summarizes the properties of montmorillonite, alongside other clay types such as 

Illite, Chlorite and Kaolinite. 

Table 1 Selected properties of some clay minerals [47]  

Clay 

minerals 

Layer 

arrangement 

CEC 

(meq/100 mg) 

Surface 

area 

(m2/g) 

Density 

(g/cm3) 

Layer 

thickness 

(nm) 

Smectite  2:1 60-100 700 2-2.7 1.2-1.4 

Illite  2:1 20-40 100 2.6-2.9 1.0 

Chlorite  2:1 10-30 100 2.6-2.8 1.4 

Kaolinite 1:1 3-15 20 2.5-2.7 0.7 

 

The properties in Table 1 only represent typical values of CEC, surface area, density, and 

layer thickness. Still, there will be slight variation for computing the same attributes for 

different samples of clay minerals and measurement conditions.  

These phyllosilicate materials possess sufficient surface area and void spaces for fluid 

storage in compressed and sorbed phases depending on their chemical composition and 

structures [53,54]. A mini review of clay swelling phenomenon, and the characterization 

of the chemical structures of four main clay types will be considered in section 2.1.1 and 
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2.1.2 respectively, followed by the survey of clay pore systems in section 2.1.3 and finally, 

clay adsorption studies in the literature will be provided in section 2.1.4. 

 Clay welling 

Mechanisms for water absorption in clay minerals are hydrogen bonding, cation hydration, 

and osmosis and dipole attraction. More so, clay minerals have edge charges, strongly 

controlled by the solution pH or hydrogen ion concentration. For water of high PH (above 

7.0 PH) in a clay sheet with hydroxide ions, dissociation of hydroxide in clay may occur 

to produce hydrogen ions for the solution to attain equilibrium of hydrogen concentration, 

leaving a negatively charged edge surface. Conversely, for a low PH water (below 7.0 PH), 

some of the excess hydrogen ion from water migrates to form positive hydroxyl ions at 

clay edges.  

Clay swelling is an important phenomenon that occurs due to cation exchange capacity of 

these minerals when the negatively charged minerals meet cations in solution. 

Interestingly, the surface negative charges seek to be balanced through a process known as 

cation exchange, and, by the positive charged ions in the interlayer and solution [47]. This 

reversible process follows stoichiometry rules, and depends on the rate of cation diffusion, 

selectivity of cation based on its position in electrochemical series, valence and size of 

exchangeable cations. Clay swelling will be of utmost concern, if the mineral has a high 

specific surface area to cause an increase in rate of cation diffusion, where all other factors 

remain constant. For this reason, 2:1 clay layered structure, such as smectite, is more 

susceptible to swelling due to its high CEC. Further, this explains the reason for several 

wellbore instability problems when drilling with water-based mud.  
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 Chemical composition and structure 

X-ray Powder Diffraction (XRD) and X-ray Fluorescence (XRF) techniques are widely 

used to identify the bulk phase minerals composition in a material  [55,56]. Srodon [57] 

employed XRD and XRF analyses to identify and quantify clay minerals in pure and clay-

containing rocks. Similarly, Mattioli et al. [58] studied the 15 mixed and rich samples of 

illite, chlorite, smectite and kaolinite clay with the same techniques to understand the 

suitability of its mineralogy and chemical composition for cosmetic applications. 

Nevertheless, the semi-quantitative data from such methods do not discriminate between 

the main phases of the identified minerals at a much higher resolution. Further insights into 

the chemical constituents and physical features of clay are generally possible by using other 

methods based on the principles of radiation and penetrating-fluids.  

There are many applications for some common radiation-driven methods such as Scanning 

Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), nano- and micro-

CT scanning, Nuclear Magnetic Resonance (NMR), Small-Angle Neutron Scattering 

(SANS), and Small-Angle X-ray Scattering (SAXS) for pore size characterization [59–61] 

and fluid transport monitoring [62]. 

Some examples of the lattice structures and parameters of different clay chemical structures 

from the American mineralogy crystal database [63] and informed from X-ray powder 

diffraction (XRPD) analysis are represented in Figure 3 and Table 2 respectively. The four 

main clay types, chemical structure according to the American mineralogy crystal database 

[63], which is visualized using Vesta software, is presented in Figure 3. The different 
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minerals can be identified using the peak positions from XRPD patterns [64–69]. Thus, 

there will be a description of the minerals in clay and how they can be recognized in pure 

state from XRPD analysis. 

 

Figure 3 Snapshot of Clay layers with the following color scheme. O, red; Si, blue; Al, grey; K, purple. Clay 

layers depicted with bond structures. (a) Illite (a unit cell with two-half layers) (b) chlorite (a unit cell with two-

half layers and the extra octahedral layer is rich in Mg2+ and Fe2+) (c) kaolinite (two complete units) (d) 

montmorillonite, with only one complete layer of clay sheet 

 

Table 2 Summary of lattice parameters and angles of clay minerals from the American mineralogist crystal 

database 

Clay minerals Chemical 

formula 

Lattice parameters Lattice angles 

(𝑑𝑒𝑔𝑟𝑒𝑒, °) 

Space 

group 
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A (nm) B 

(nm) 

C 

(nm) 

Volum

e 

(nm3) 

α β γ 

Chlorite Mg2.292Fe0.255

Al0.865Si1.585

O9H4 

0.5336 0.924 1.437 0.703 90 96.93 90 C 2/m 

(#12-

1) 

Illite KAl2Si4O12

H2 

0.5202 0.898 1.023 0.468 90 101.5

7 

90 C 2/m 

(#12-

1) 

Montmorillon

ite 

Al2Si4O12Ca0

.5 

0.5180 0.898 1.500 0.698 90 90 90 P 1 

(#1-1) 

Kaolinite Al2Si2O9H4 0.5155 0.894 0.741 0.330 91.

7 

104.8

6 

89.

8 

C 1 

(#1-4) 

Here is a more detailed description of how the four types of clay minerals can be identified 

and differentiated based on their peaks and XRPD patterns. 

Montmorillonite 

Montmorillonite is a 2:1, T-O-T clay layered structure that forms the main composition of 

smectite. There are several chemical formulae for the minerals depending on its source and 
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purity, calcium and magnesium-rich smectite for instance is (Na, Ca)0.3(Al, 

Mg)2Si4O10(OH)2. nH20 [70]. Some of the Ca2+ and Al3+ in the octahedral sheet undergo 

isomorphous substitution with Na+ and Mg2+ respectively to form a negatively charged 

clay. On the other hand, chemical formula for iron-rich smectite is 

𝑁𝑎0.3𝐹𝑒2
𝐼𝐼𝐼(𝑆𝑖𝐴𝑙)4𝑂10(𝑂𝐻)2. 𝑛(𝐻2𝑂) [66]. In XRD analysis, glycol is first added to the 

minerals, and then smectite is linked with a basal spacing of 1.7 nm. In the process of post-

treatment with heat up to 300 ℃, the spacing reduces to 1 nm [64] (Figure 4). It is worthy 

to note that peak heights are not completely appropriate to quantify the peak intensities of 

clay minerals due to the large variation that naturally occurs in clay basal width and shape. 

Rather, integrated peak intensities like peak area are suggested, because they are unaffected 

by wide variation in particle size, stacking faults and so-called order-disorder [64].  

Recall that smectite inter-layer surfaces are negatively charged. For this reason, it 

undergoes reaction with the positive charges that exist in water, a type of cation exchange 

interactions through different possible mechanisms such as cation hydration, hydrogen 

bonding and osmosis.  



15 

 

 

Figure 4 Pure smectite oriented XRPD patterns. Note sharpness of peak at 1.7 nm in the glycolated trace [64] 

 

The dominant mechanism depends on the cations and anions concentration in water and 

the CEC of smectite. The interaction phenomenon results in more basal spacing and, 

consequently, a volume change, otherwise regarded as clay swelling. Sodium rich 

montmorillonite (Na+-rich smectite) swells more than Ca2+ rich smectite because of higher 

electro-positivity. Sodium ion rich clay will require more H+ from water to balance the 

negatively charged clay if the edge charges are the same due to their valence difference, 

thereby resulting in more absorption of water. The swelling phenomenon can be reduced 

by replacing the Na+ and Ca2+ by adding K+ or cationic ammonium ions containing solvent 

or solute [70], since K+ is highly electropositive than both cations. 

Illite 

Chemical formula is (K, H30) Al2(Si3Al) O10(H2O, OH)2, and it is naturally occurring in 

shale formation and claystone formation [70]. Illite contains an octahedral alumina sheet 
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sandwich between two tetrahedral silica sheets. The oxygen atoms, O2- from the silicate 

form strong interlayer bonding with the hydrogen atoms, H+ in the aluminum hydroxide 

sheet and undergo other possible isomorphous substitution to produce a negative net 

charge.  

 

Figure 5 XRPD patterns (oriented and air dry) of Illite showing differences in relative intensities [64]  

Furthermore, potassium ion balances the net negative charge in the T-O-T layer surface, 

thus, prevents the possibility of cation hydration of H+ ion in water by the negative charge 

and inhibits clay swelling. XRPD analysis (Figure 5) identifies Illite by a series of intensity 

peaks at about 1.0, 0.5, and 0.33 nm when the clay is treated with glycol and heated up to 

500℃; the peak positions and shape remain the same. 

Chlorite 

Chlorite consists of a group of phyllosilicate minerals commonly classified as Nimite, 

Chamosites (iron-rich), Pennantite, and Clinochlores (magnesium-rich). The mineral can 

exist either as a single grain, part of a lithic fragment or fine grain matrix (detrital chlorite) 
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[70]. On the other hand, authigenic chlorites could occur, as either grain coating, or pore 

filling, to serve as a good reservoir seal in sandstone, or bad reservoir quality respectively. 

The simplest unit of the clay is a T-O-T structure with an additional octahedral coordinated 

Al-O, Fe-O or Mg-O layers, which makes it a T-O-T-O di-octahedral species. The extra 

octahedral layer bonds weakly to Si-O in the T-O-T layer, thereby creating more hydrogen 

ions per unit cell in chlorite compared to other clay minerals. Other examples of di-

octahedral species are Donbassite [67], Glagolevite (sodium-rich) [69], and some 

Franklinfurnaceite (calcium-rich) [65], Sudoite [67] and so on. For this reason, it gives a 

very high neutron log signal because of the high amount of H+ ions. Worden et al. [49] 

present the generic chemical formula (X, Y)4-6(Si, Al)4O10(OH, O)8, where X and Y could 

be either a divalent or trivalent ions like Fe2+, Fe3+, Mg2+, Mn2+, Ni2+, Zn2+, Al3+, Li+, or 

Ti4+. In addition, some chlorite minerals species are tri-octahedral, and more common than 

the di-octahedral analogues [64]. Examples of a trioctahedral chlorite species are 

Baileychlore (zinc-rich) [68], some Cookeites and Sudoite [67]. Several ideal chlorite 

minerals and chemical composition are summarized in Table 3.  

Table 3 Summary of some chlorite minerals 

Minerals Chemical composition Reference 

Chamosites (𝐹𝑒5
𝐼𝐼𝐴𝑙1)(𝑆𝑖3𝐴𝑙1)𝑂10(𝑂𝐻)8 [66] 

Clinochlore (𝑀𝑔5𝐴𝑙)(𝑆𝑖3𝐴𝑙1)𝑂10(𝑂𝐻)8 [66] 

Baileychlore (𝑍𝑛2.5𝐹𝑒1.2
2+𝐴𝑙1.17𝑀𝑔0.76𝑀𝑛0.01

2+
0.36)(𝑆𝑖3.55𝐴𝑙0.45)𝑂10(𝑂𝐻)8 [68] 

Cookeites 𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2. (𝐴𝐿2𝐿𝑖)(𝑂𝐻)6 [67] 
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Sudoite 𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2. (𝑀𝑔2𝐴𝑙)(𝑂𝐻)6 [67] 

Glagolevite 𝑁𝑎(𝑀𝑔, 𝐴𝑙)6[𝑆𝑖3𝐴𝑙𝑂10](𝑂𝐻, 𝑂)10 [69] 

Donbasites 𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2. 𝐴𝐿2.33(𝑂𝐻)6 [67] 

Franklinfurn

aceite 

𝐶𝑎2𝐹𝑒
3+𝑀𝑛3

2+𝑀𝑛3+𝑍𝑛2𝑆𝑖2𝑂10(𝑂𝐻)8 [65] 

 

Figure 6 XRPD patterns (oriented, air dried) of Chamosites (Fe-rich chlorite), Clinochlore (Mg-rich chlorite), 

di-octahedral chlorite (Al-rich chlorite), and chlorite after heating to 550 oC [64] 

 

From XRPD patterns and unusual relative intensities, the minerals present in a rock are 

identified. For instance, a di-octahedral chlorite is matched to a 003 peak that is greater 

than 002 and 004 peaks (Figure 6). If otherwise, then, it is a tri-octahedral species. All tri-

octahedral species are soluble in hydrochloric acid. The figure showed that there could be 

an inter-stratification of Chamosites in rocks with 0.7 nm spacing. More so, all peaks in 
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Clinochlores (Mg-rich chlorite) have nearly equal intensities. When glycolated chlorites 

are heated, there is a peak contraction from 1.42 nm to 1.39 nm at 550 oC. 

Kaolinite 

Kaolinite is a 1:1 structure of aluminum octahedral and silica tetrahedral sheets. It is white 

in color and formed from chemical weathering of feldspar. The chemical formula 

is 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 [47,66]. A hydrogen bond exists between the negative oxygen ions in 

the silicon oxide sheet and the positive hydrogen ion in the hydrolyzed aluminum 

hydroxide sheet. Due to the strong interaction between the sheets of clay, there will be 

more layers per unit clay cell and the particle size will be larger compared to other weakly 

bonded clay sheets like Montmorillonite. Ultimately, kaolinite clay experiences less 

swelling tendency because of the lesser surface area per volume ratio available for 

hydration and other mechanisms for ions exchange (that is, low cation exchange capacity) 

[70]. Figure 7 showed that two peaks at 0.715 nm and 0.358 nm pinpoint the Kaolinite 

mineral. 
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Figure 7 XRPD patterns (oriented) of kaolinite before and after heating to 550 oC, NB =non-basal (hkl) peaks 

from kaolinite [64]  

 

 Pore systems 

Some sets of techniques, based on the principle of penetrating fluid have been successfully 

applied to track pore distribution, specific surface area (SSA), and pore spaces. Examples 

of methods are Mercury Injection Porosimetry (MIP) and low temperature adsorption 

approaches that could use carbon dioxide (CO2), nitrogen (N2), and argon gas as 

penetrating fluids [54,71–74]. Low-temperature adsorption techniques refer to methods 

obtained at cryogenic temperature, usually at 77 Kelvin. Aringhieri [71] employed an N2-

adsorption experiment to investigate the distribution of 1.5 to 100 nm pores in four clay 

minerals and soil samples. Ross and Bustin [54] studied illite, montmorillonite, kaolinite 

and chlorite clay structure using low-pressure N2 and CO2 sorption techniques. Kuila [73] 

employed the N2 adsorption technique to determine the micropores and mesopores SSA 

and size distribution in mixed illite-smectite, kaolinite clay and shale rock. Wang [75] 



21 

 

studied the micropores (<1.0 nm) in illite, montmorillonite, kaolinite, and illite-smectite 

mixed layers using N2 and CO2 low-pressure adsorption. On the other hand, gas adsorption 

and diffusion of sorbed gases in porous media at reservoir condition is performed with a 

high temperature method which will be reviewed accordingly. 

 Adsorption and diffusion  

Silicate-rich shale has no micro- and meso-pores [54] and so adsorption capacity of quartz 

will be considered negligible in this study, as quartz intergranular pore mainly contains 

free gases when pore is over 6 nm [76]. Some experimental and laboratory studies have 

shown that the clay mineral composition and its micro-pore structure strongly influences 

adsorption capacity especially for shale rocks rich in clay minerals and with less total 

organic content [43,77,78]. Ji et al. [43] methane adsorption experiment on different types 

of crushed clay-rich samples, showed that montmorillonite has the highest affinity to 

methane, followed by Illite/smectite, kaolinite, chlorite, and Illite has least interaction. Fan 

et al. [77] experiment showed that adsorption capacity decreases in the following order: 

montmorillonite > kaolinite > Illite > Illite/smectite > chlorite. Wang et al. [75] 

experimental investigation revealed that the adsorption capacity of mixed clay minerals 

matches the linear superposition of pure minerals sorption ability with only 7% error. 

Furthermore, the authors’ results showed that methane adsorption capacity decreases in the 

order: kaolinite > Illite > montmorillonite > chlorite. Table 4 outlined the highlights of 

some adsorption and diffusion studies in clay materials. 
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Table 4 Highlights of some adsorption and diffusion study in clay minerals 

Authors Highlights 

[77–83] 1. Adsorption capacity and selectivity are sensitive to 

gas volatility 

2. The adsorption of hydrocarbon gases on coal and 

kerogen is stronger than clay 

3. There is yet no consensus on the clay mineral with 

highest or lowest adsorption capacity 

[78,81,83,84] 1. Adsorption capacity is dependent on pore sizes 

2. adsorption capacity of mixed clay minerals matches 

the linear superposition of pure minerals sorption 

ability with only 7% error 

3. Adsorption capacity positively correlated to cation 

exchange capacity and specific pore surface area 

[85,86] 1. Interlayer 𝐾+ in slit shaped Illite has a higher 

affinity for 𝐶𝑂2 than to 𝐶𝐻4  

2. Conversely, surface layer of Illite have a better 

interaction with 𝐶𝐻4 compared to 𝐶𝑂2 because, its 

partial negative surface will bond 𝐻+ in 𝐶𝐻4 

[87] 1. K+ ion in the inter-layer of hydrated montmorillonite 

moves away from center towards the clay surface 

2. Methane diffusion in Na+ ion is higher than K+ ion 

form of montmorillonite at elevated temperature 

condition 

3. Water saturation increases positive cation mobility, 

creating vacancy for 𝐻+ in water and swelling 

[81,85,86,88] 1. Adsorbed phase density varies with pressure 

2. The enhanced methane recovery (EGR) with 

𝐶𝑂2 injection could be up to 29%. 



23 

 

[86] 1. Pore wall thickness of simulation cell have no effect 

on adsorption capacity for an above half-layer clay 

sheet 

2. The impact of cation dynamics on adsorption 

amount of 𝐶𝑂2 and 𝑁2 is negligible. 

[82,89,90] 1. No adsorption of methane above 45% water vapor 

saturation 

2. Gas permeability reduces with increase in water 

saturation 

3. At -18oc, methane hydrate could be formed in clay 

nanopores 

 

2.2 Kerogen types and chemical structures 

Carbon and graphite nanotubes have been widely used for representing kerogen 

microstructure for molecular dynamics studies [91–98], and are not accurate in terms of 

their chemical structure characteristics. Depending on the maturity and realistic kerogen 

type, the pore size distribution and capacity to store and transmit gas from these 

compartments may vary. X-ray photoelectron spectroscopy (XPS) [99,100], Raman spectra 

[101,102], 13C nuclear magnetic resonance (13C NMR) [99,100] have confirmed that 

carbon, hydrogen and oxygen are the three main elemental composition of kerogen 

macromolecules with some quantities of Sulphur and Nitrogen. However, the different 

kerogen types are a characteristic of the relative presence of two-dimensional regular 

structure (C-C sp2 hybrids), carbon-hydrogen (C-H) and carbon-oxygen (C-O) bonds [7]. 

Therefore, several authors have proposed different versions of kerogen models on the 

ground of experimental data obtained from multiple shale samples. The results of previous 
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pyrolytic experimental and molecular simulation studies revealed that the functional 

groups and elemental ratios of kerogen structure changes from one source to another. 

Figure 8 summarizes the widely utilized kerogen models proposed by Ungerer et al. [103], 

Liang et al. [99], Wang et al. [104] and Pan et al. [100].  

 

Figure 8 Structure of kerogen macromolecules constructed by pyrolysis based on experimental data from 

different shale sources such as (a) Green River [103] (b-e) Duvernay series [103]  (f) Gippsland [103] (g) Songliao 

[99], (h) Songliao [104] and (i) Longkou [100]. Gray (carbon), red (oxygen), white (hydrogen), yellow (Sulphur), 

and blue (nitrogen) [7]. 

 

In addition, Yu [7] presented the basic elemental ratios of various types of kerogen model 

according to different authors. The Ungerer et al. [103] type IID of the six kerogen types 
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have the capability to contain micropores which could host significant quantities of natural 

gas in shale. The trapped gas experiences a pressure and concentration which causes it to 

diffuse into the inorganic pores and fractures through the microcracks in the organic matter 

and will be considered as organic matter for this study. Further details of the processes of 

sorption, effective diffusion and critical barriers influencing the transport mechanism and 

corresponding studies will be expounded. 

 

2.3 Kerogen gas sorption, effective diffusion and tortuosity  

 Gas sorption and gas diffusion 

There are numerous experimental and theoretical studies of pore diffusion and gas sorption 

in organic-rich shale rock. Etminan et al. [16] employed a batch pressure decay technique 

to determine the free gas, adsorbed and dissolved gas diffusions in kerogen. Sheng et al. 

[105] studied the surface diffusion of gas through the adsorbed phase of OM, and revealed 

that gas desorption resulted in an additional contribution to gas slippage in inorganic matrix 

pores. Kang et al. [106] studied the competitive sorption of carbon dioxide, water, and 

methane in kerogen. The research showed that the adsorption preference of OM to carbon 

dioxide and water could lead to enhanced surface methane diffusion. It is noteworthy that 

the adsorbed phase gas is in equilibrium with compressed gas through an interconnected 

pore network [107], and molecular transport from source rock to the wellbore occurs when 

there is a concentration gradient between the adsorbed and the free gas phases [108]. 

Besides, the complete diffusion transport from kerogen through inorganic matrix pores to 

a wellbore involves multiple diffusion phenomena, which is dependent on pore scale and 
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operating pressure and temperature conditions. The main transport mechanisms in OM are 

dissolved gas diffusion, desorbed gas diffusion in organic walls, and restricted pore 

diffusion in meso- and micropores. These transport mechanisms can be summed as 

effective sorbed gas diffusion if the adsorption and desorption processes are in equilibrium. 

Kerogen pore sizes range in scale from mesoporous to microporous [109–111]. Gas 

transport in the organic materials of shale is at a length scale where continuum modeling 

breaks apart. Transport mechanisms in shale can be classified into three diffusion regime 

[105,112]; Fick, transition, and Knudsen diffusion; they are valid within the corresponding 

domains: 𝐾𝑛 < 0.1, 0.1 ≤ 𝐾𝑛 ≤ 10, and 𝐾𝑛 > 10, respectively [105,106]. This grouping 

is based on a dimensionless parameter called Knudsen number 𝐾𝑛.  

In Fick’s diffusion, the interaction between gas molecules is more frequent than between 

gas and kerogen molecules. On the contrary, gas molecules colliding with the wall is the 

dominant action in Knudsen diffusion. Relatively, the numbers of atomic-atomic and 

atomic-wall collisions in transition diffusion are equally important [113]. Figure 9 

conceptually depicts the phenomena of Fick’s, Knudsen, and transition diffusion in the 

kerogen bulk phase. 

 

Figure 9 Schematic of gas diffusion regimes in kerogen pores. 

The equation for calculating Fick’s gas diffusion coefficient (𝑚2 𝑠⁄ ), 𝐷𝐹𝑖𝑐𝑘 is as follows: 
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𝐷𝐹𝑖𝑐𝑘 =
𝜆

3
√
8𝑅𝑇

𝜋𝑀
. (2.1) 

Knudsen diffusion (𝑚2 𝑠⁄ ) is computed as follows: 

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 =
𝑑

3
√
8𝑅𝑇

𝜋𝑀
, (2.2) 

where, all units are in standard international units, and their physical meaning consistency 

is checked. 𝜆 = 𝑘𝐵𝑇 (√2𝜋𝑑𝑚
2 𝑝)⁄  is the mean free path of the gas molecules (m). 𝑅 =

8.314 𝐽 (𝐾.𝑚𝑜𝑙⁄ ) is the universal gas constant, 𝑇 is the absolute temperature (K), 𝑀 is gas 

molecular mass per mole (𝑘𝑔 𝑚𝑜𝑙⁄ ). 𝑑 = 2𝑟̅ is effective pore size (m) for circular geometry 

and 𝑑 = ℎ𝑒𝑓𝑓 for square geometry, ℎ𝑒𝑓𝑓 is effective pore height, 𝑟̅  is the mean pore radius 

extracted from the pore size distribution (m). 𝑘𝐵 = 𝑅 𝑁𝐴⁄  is the Boltzmann constant (𝐽 𝐾⁄ ), 

𝑁𝐴 = 6.023 × 10
23 (number of molecules/mole) is the Avogadro’s number of molecules 

present in one mole of gas, 𝑑𝑚 is the diameter of the gas molecule (m), and 𝑝 is the pressure 

of gas in the pores (Pa). Some transition diffusion models are summarized in Table 5. Such 

models can be used to calculate the transition diffusion coefficient.   

Table 5 Transition Diffusion Models for modeling unrestricted diffusion flux 

Author(s) Equation 

Bosanquet [39] 
𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛𝐷𝐹𝑖𝑐𝑘
𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 + 𝐷𝐹𝑖𝑐𝑘

 

Cai et al. [113] 
𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =

𝐾𝑛

𝐾𝑛 + 1
𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 =

1

𝐾𝑛 + 1
𝐷𝐹𝑖𝑐𝑘 
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Zheng et al. [114] 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 = (1 − 𝑒𝑥𝑝(−1 𝐾𝑛⁄ ))𝐷𝐹𝑖𝑐𝑘 

Geng et al. [115] 
𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =

𝐾𝑛2 + 𝐾𝑛

𝐾𝑛2 + 1
𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 

He Y et al. [112] 
𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =

𝐾𝑛 − 0.1

10 − 0.1
𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛

+
𝐾𝑛 − 10

0.1 − 10
𝐷𝐹𝑖𝑐𝑘 

 

where mathematically, Knudsen number 𝐾𝑛 = 𝜆 𝑑⁄ , the weighting factors in Cai et al. 

[113] model are consistent with that introduced by Wu et al. [116]. If 𝐾𝑛 ≤ 0.1, then 𝜆 ≪

𝑑 when 𝐾𝑛 ≥ 10, 𝜆 ≫ 𝑑.  

Knudsen number was introduced to classify flow regimes in porous media as a function of 

characteristic pore size and pore fluid pressure [117]. It is defined as the ratio of mean free 

path to characteristic length of micropores [118]. For the organic micropores, which is the 

main subject of this study, Knudsen number 𝐾𝑛 = 𝜆𝑔 ℎ𝑒𝑓𝑓⁄  can be illustrated and mapped 

for some range of pressure and pore sizes as given in Figure 10. Darcy law finds 

application in the continuum flow domain and this region is represented by the lowest limit 

of Knudsen domain, 𝐾𝑛 < 0.001. Figure 10a shows that Knudsen number increases as 

typical pore size and pressure reduces. Slip boundary condition is dominant at 0.001 ≤

𝐾𝑛 ≤ 0.1. Meanwhile transition diffusion occurs in ultra-right and organic-rich systems 

with a significant amount of micropores at a much higher interval, 0.1 ≤ 𝐾𝑛 ≤ 10. Free 

molecular diffusion regime, 𝐾𝑛 > 10, controls the transport at ℎ𝑒𝑓𝑓 < 0.5 𝑛𝑚 and 

reservoir pressure less than 1.0 MPa [7,119,120].  
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Figure 10      The effect of reservoir pressure and characteristic pore size on Knudsen number in micropores a) 

shows that Knudsen number increases as pore size and pressure reduces b) shows that transition boundary 

condition is applicable in the kerogen micropores system for pressure range up to 80 Mpa. 

 

Figure 10b showed that methane transport in kerogen micropores is primarily within the 

transition domain. Transition diffusion is a state of transport where there is an equally 

important contribution of both intermolecular and molecular-surface interactions (i.e. 

Knudsen and Fick’s diffusions). Hence, the analysis of methane transport in the organic 

micropores is limited to self-diffusion in this study.  

Modeling the total diffusion transport in source rock to a producing well requires a proper 

understanding of the kerogen microstructure, in order to correct for the influence of its 

complex pore network on mass transport.  

Diffusion tortuosity is one of the important parameter to express kerogen heterogeneity, 

and exist as a form of barrier to gas diffusion due to pore structure and geometry constraint 

and will be discussed in section 2.3.2 alongside a thorough review of the concept of the 

general concept of tortuosity in porous materials. 
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 Effective diffusion tortuosity 

Tortuosity is a general term that represents the average elongation of fluid streamlines (as 

compared to free flow) [121–123]. There are several models for estimating tortuosity in 

porous media. The choice of equation depends on the prevailing transport concepts of the 

porous media. The four most widely applicable models, defined based on their guiding 

principles, are: geometric (𝜏𝑔) [124–126], electrical (𝜏𝑒) [127,128], hydraulic (𝜏ℎ) [121–

123,126], and diffusion tortuosity (𝜏𝑑) [129–132].  

Irrespective of the underlying theories, most tortuosity models are porosity-dependent 

[121]. From a dimensional analysis point of view, the qualitative relationship between the 

tortuosity models should hold as 𝜏𝑔 < 𝜏𝑑 ≈ 𝜏𝑒 < 𝜏ℎ [121]. Geometric tortuosity varies for 

pores of different shapes; for instance, the geometry factor for uniform spherical pores 

differs from that of non-uniform spheres and cylinders. This type of model depends 

strongly on packing arrangement, media homogeneity, and channel shape, and can be 

determined using empirical equations like Bruggeman [125]. The hydraulic tortuosity 

model is based on fluid mechanics and determined from the Kozeny-Carman relation, 

where advective flux is the primary mechanism [126]. Basically, electrical tortuosity is 

defined as the ratio of the pore fluid’s conductivity to the electrical conductivity of the 

materials [133]. The Einstein equation provides the relationship between the electrical 

conductivity of a rigid material and the diffusion coefficient [133]. Usually, electrical 

tortuosity is determined experimentally, by fitting the porosity data from at least three cores 

with Archie’s resistivity model [134]. Nevertheless, He et al. [135] showed that the relative 

contribution of electrical tortuosity in kerogen is negligible compared to the diffusion 

tortuosity. For this reason, the electrical tortuosity will not be discussed in this research. 
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Conversely, the concept of diffusion tortuosity is pertinent in systems where fluid transport 

occurs primarily through diffusion, which is the case when there is a concentration gradient 

of molecules in two different regions. 

The transport mechanisms in a shale structure are very sensitive to the pore size 

distribution, geometry and the operating subsurface pressure [105,113,136,137]. Shen and 

Chen [132] suggested that a scale factor, otherwise regarded as tortuosity, is required to 

correct for the impact of a bulk phase complex structure on the estimation of effective 

diffusion through pores spaces. Generally, the diffusion tortuosity factor in heterogeneous 

materials like kerogen is defined as the ratio of bulk diffusivity to effective diffusivity 

[132,138–140]. Bulk diffusivity models for unrestricted gas diffusion in straight nanopores 

have been reviewed previously in section 2.3.1, and now the available studies regarding 

effective diffusion studies are surveyed. 

It is noteworthy that there are several experimental and theoretical methods available for 

characterizing effective diffusion and diffusion tortuosity, which are inseparable concepts 

in the discussion of gas transport in the meso- and macroscale pores system. Experimental 

measurement studies will first be reviewed; however, the molecular simulation approach 

is the main technique to determine fluid transport coefficients in micropores because of its 

extremely confined nature.  

Chen et al. [13] reconstructed shale samples using a Markov chain Monte Carlo method 

based on SEM images. The authors adopted the lattice Boltzmann process to simulate 

methane diffusion through mesoscale pores and computed effective diffusion and diffusion 

tortuosity. The results showed that the diffusion tortuosity in shale was higher than the 
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tortuosity estimated via Bruggeman’s empirical correlation. Thomas and Clouse [138] 

performed experiments on rock samples with different total organic content (TOC) levels 

to determine the primary diffusion coefficient of bitumen and diffusion tortuosity of 

kerogen. The results showed that a high degree of OM distribution enhanced the transport 

rate through kerogen, and diffusion tortuosity was greater in high TOC samples. Thomas 

and Clouse [141] also studied rocks with different mineral contents and TOC values. Their 

research revealed that calcite-rich rocks had a higher adsorption capacity than did silicate-

rich rocks. With regards to the molecular transport of gas, Tozzi et al. [129] studied the 

impact of adsorption equilibrium on the effective diffusion of a solute in two cellulosic 

fiber samples, coupling magnetic resonance (MR) imaging  and a solution to Fick diffusion. 

Elwinger et al. [142] characterized the effective diffusion of a mixture of pure solvent by 

applying an H1 and H2 nuclear MR technique.  

Equilibrium molecular dynamics (EMD) simulation was employed by Collel et al. [143] to 

study the transport of a hydrocarbon mixture of methane to dodecane. The outcome 

revealed that the Onsager’s cross-correlation diffusion coefficient made a negligible 

contribution to the effective diffusion of the mixture, as compared to the autocorrelation 

coefficient of pure components. Vasileiadis et al. [6] studied the diffusion of a mixture of 

methane, ethane, and carbon dioxide. The results showed with a high degree of accuracy 

that the diffusion coefficient of each component in the mixture was similar to the self-

diffusion coefficient of pure components. Therefore, the cross-interaction diffusion 

coefficient of the mixture was negligible. Vasileiadis et al. [144] constructed 24 possible 

kerogen-condensed structures with a combination setup of Lennard-Jones (LJ) particle 

sizes of 3 × 20 Å, 1 × 30 Å, 2 × 30 Å, and 1 × 40 Å for different numbers of kerogen 
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molecules and various temperature conditions. The results of the molecular dynamics 

(MD) simulation showed that the established LJ parameter sizes, in addition to the 

temperature and size of the condensed structure, controlled the pore size distribution. Wu 

and Firoozabadi [145] studied the diffusion of methane in a flexible and rigid kerogen using 

a boundary-driven non-EMD simulation. The results showed that though the adsorption 

capacity of a non-rigid kerogen was high, the diffusion of gas through rigid kerogen was 

greater than in flexible kerogen.  

In addition to kerogen flexibility, some researchers [111,135] have shown that diffusion 

tortuosity depends on pore size, gas molecular sizes and chemical composition. Gonciaruk 

et al. [111] showed, using adsorption microcalorimetry, that gas adsorption in kerogen is 

governed by both pore width and chemical composition of gases. He et al. [135] performed 

a study of kerogen with four noble gases to investigate the effects of molecular size and 

pore size on diffusion tortuosity. The results showed that the adsorption negatively affects 

the diffusion of Helium, Neon, Argon, and Krypton gases in the kerogen pore network by 

a factor up to 1.688, 3.073, 5.494, and 4.983 respectively.  

The review of some effective diffusion-tortuosity relationship and advanced effective 

diffusion-adsorption-tortuosity models which correct for the restriction to gas diffusion 

created by both the sorbed layer and pore geometry is provided accordingly. 

Diffusion tortuosity models 

Tortuosity models for the sorption effect have been reported in different forms, ranging 

from diffusion-tortuosity to adsorption-diffusion-tortuosity. However, all models share the 

same basis of relating tortuosity to the ratio of unrestricted diffusion in straight pores to the 
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effective diffusion, and are commonly expressed as square root of unrestricted to restricted 

diffusion, because diffusion is a tensor quantity like permeability. The equations for 

calculating the unrestricted pore diffusion is provided already in section 2.3.1 (Equation 

2.1, Equation 2.2 and Table 5). Meanwhile, Table 6 summarizes some of these models for 

computing kerogen tortuosity. 

Table 6 Diffusion-Tortuosity and Diffusion-Adsorption-Tortuosity Models 

Author(s) Model(s) 

Cussler, Thomas and Clouse 

[108,138,141,146] 

𝜏𝑑
2 =

𝐷𝐹𝑖𝑐𝑘
𝐷𝑒𝑓𝑓

 

Mueller et al.  [147]   𝜏𝑑
2 =

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛

𝐷𝑒𝑓𝑓
, 𝜏𝑑
2 =

𝐷𝐹𝑖𝑐𝑘

𝐷𝑒𝑓𝑓
, 𝜏𝑑

2 =
𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛

𝐷𝑒𝑓𝑓
 

Lavenson and Tozzi [129,148] 
𝜏′𝑑
2 =

𝐷𝐹𝑖𝑐𝑘
(1 + β)𝐷𝑒𝑓𝑓 

 

He et al. [135] 
𝜏′𝑑
2 =

𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛
(1 + β) 𝐷𝑒𝑓𝑓

 

 

where 𝐷𝑒𝑓𝑓 is the effective diffusion coefficient (𝑚2 𝑠⁄ ) or self-diffusion coefficient for 

gas with a negligible Onsager’s cross-correlation diffusion coefficient [6,143],  𝜏𝑑 is the 

diffusion tortuosity, and  𝜏′𝑑 is the tortuosity corrected for the adsorption effect through β, 

which is defined as follows [129,135,148]: 

1 + β =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑏𝑖𝑙𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
≡
𝜌𝑎𝑑𝑠
𝜌𝑏

, (2.3) 
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where 𝜌𝑏 is the bulk gas density (𝑚𝑜𝑙 𝑚3⁄ ) computed with NIST miniREFPROP 

experimental database software [149] and 𝜌𝑎𝑑𝑠 is the adsorbed density (𝑚𝑜𝑙 𝑚3⁄ ) of 

methane. Adsorbed methane can accumulate as a single layer (following the idealistic 

Langmuir model) or in a multilayer system, which requires more rigorous adsorption 

models. For multi-layered sorption, the adsorbed methane density gradually changes across 

the pore, a situation that renders the effectiveness of applying Eq. (2.3) rather uncertain. 

To investigate the tortuosity of the OM of shale, a realistic kerogen model will be needed 

to perform the effective diffusion and adsorption calculations. In chapter 5, the construction 

of a kerogen nanostructure on a molecular platform will be described, followed by the 

GCMC and MD calculations required for adsorption and effective diffusion respectively.  

The reviews so far have shown that several factors affects the storage and transport 

mechanisms in kerogen nanopores such as pore width, operating condition, atomic size of 

gas molecules, kerogen types, maturity, wettability, water saturation, wall roughness, pore 

geometry amongst others [89,103,150–152]. Table 7 summarizes the highlights of some 

adsorption and diffusion studies in kerogen, conducted both experimentally and using 

molecular simulations. 

Table 7 Highlights of some adsorption and transport study in kerogen 

Authors Highlights 

[18,106,107,153–158] 1. Adsorption capacity varies with kerogen type 

and thermal maturity 
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2. Kerogen has a higher affinity for 𝐶𝑂2 and 𝐻2𝑂 

compared to 𝐶𝐻4 

3. Adsorbed gas and free gas are in equilibrium 

through an interconnected pore network 

[16,105,135,159]  1. Effective pore diffusion is sensitive to atomic 

size of gas molecules 

2. Surface diffusion is significant in gas production 

as pressure and pore size decreases 

3. There is a reasonable contribution of dissolved 

gas in total Gas in place (GIP) 

[6,143,145]  

 

1. In a hydrocarbon gas mixture, the contribution of 

cross-interaction diffusion to effective diffusion 

is negligible compared to self-diffusion. 

2. Adsorption in flexible is higher than in fixed 

kerogen, which restricts the main flow path, 

despite the occasional opening of the pore throat. 

[160]  1. Transport coefficient can be expressed as a 

function of microstructure porosity 

2. Transport coefficient decreases with increase in 

adsorbed gas 

[152,161] 
1. The velocity profile of methane and water in 

nanopores depends on the wettability of the 

material 

2. Methane slippage in kerogen nano-channels 

(hydrophobic) improves as water saturation 
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increases, velocity profile changes from 

parabolic to piston-like flow. 

3. On the other hand, methane slip flow collapses 

in hydrophilic nanopores like some inorganic 

materials as water saturation increases. 

[151,162] 
1. Slippage phenomenon breaks down in confined 

rough pores and velocity profile remain 

parabolic 

2. Traditional slippage model are proved to 

overestimate slip flow in rough kerogen 

nanopores as proved using MD simulation and 

theoretical analysis 

 

2.4 Shale transport models 

Shale has complex pore geometry because of the multiple storage modes. During pore fluid 

depletion, pressure and concentration gradient are imposed that causes the release of gases 

through the interconnected organic pores at nanoscale and then to the kerogen 

microfractures, inorganic minerals’ pores/macrofractures until the gas reaches the 

wellbore. The reviewed analytical and numerically gas transport methods in section 2.4.1 

and 2.4.2 respectively do not consider hydraulic fractures imposed gradient. The 

limitations and relevance of the available models will be highlighted especially as it 

concerns computational time versus accuracy and adequate representation of organic 

matter models used for effective diffusion components of shale gas flux models. 

 Analytical 

The mass balance equation for a shale system [105,163] is 
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                                          −𝛻. 𝐽𝑇 =
𝜕

𝜕𝑡
(𝜙𝜌𝑏 + (1 − 𝜙)𝜌𝑎𝑑𝑠),                                             (2.4) 

where, 𝐽𝑇, which is the total mass flux is defined as [112] 

                                              𝐽𝑇 = −(𝜌𝑏
𝑘𝑎𝑝𝑝

𝜇
)𝛻𝑝 ,                                                             (2.5)     

Moreover, 𝑘𝑎𝑝𝑝, is the apparent permeability of gas that is pore scale dependent. 

Summary of some apparent permeability models that is widely available in literature is 

presented in Table 8. 
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Table 8 Multiscale shale permeability models 

Authors Transport mechanisms Models Limitation  

[137] 

Viscous flow, gas, and 

surface diffusion 

𝑘𝑎𝑝𝑝

=
𝑑2

32
+ 𝜇𝐷𝑒𝑓𝑓𝑐𝑔

+
𝜇𝐷𝑠𝑉𝑠𝐿𝜌𝑔𝑟𝑎𝑖𝑛𝐵𝑔

𝑇𝑂𝐶

𝑝𝐿
(𝑝 + 𝑝𝐿)2

 

• No correction for pore geometry factor 

for non-ideal structure 

• Neglect Darcy-scale correction for non-

zero gas slippage velocity near the pore 

wall. 

• Does not consider surface diffusion in 

other semi-solid organics like bitumen 

aside total organic content (TOC). 
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[136] 

Viscous flow, gas, 

transition, and surface 

diffusion 

𝑘𝑎𝑝𝑝

=
𝑑2

32
+
𝐾𝑛2 + 𝐾𝑛

𝐾𝑛2 + 1
.
𝑑𝜇

3𝑝
√
8𝑅𝑇

𝜋𝑀

+ 4
𝐷𝑠𝑝𝐿𝑀𝐶𝐿𝜇

(𝑝 + 𝑝𝐿)2𝜌
.
(𝑑𝑑𝑚𝜃 − 𝑑𝑚

2 𝜃2)

𝑑2
 

• No correction for pore geometry factor 

for non-ideal structure 

• Neglect Darcy-scale correction for non-

zero gas slippage velocity near the pore 

wall. 

• Disregards the correction for adsorbed 

gas layer influence on effective pore 

diffusion 

[113] 

Viscous flow, gas, 

transition, and surface 

diffusion 

𝑘𝑎𝑝𝑝

=
𝑑2

32
+

𝐾𝑛

𝐾𝑛 + 1
.
𝑑𝜇

3𝑝
√
8𝑅𝑇

𝜋𝑀

+ 4
𝐷𝑠𝑝𝐿𝑀𝐶𝐿𝜇

(𝑝 + 𝑝𝐿)2𝜌
.
(𝑑𝑑𝑚𝜃 − 𝑑𝑚

2 𝜃2)

𝑑2
 

• No correction for pore geometry factor 

for non-ideal structure 

• Neglect Darcy-scale correction for non-

zero gas slippage velocity near the pore 

wall. 
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• Disregards the correction for adsorbed 

gas layer influence on effective pore 

diffusion 

[112] 

Viscous, slippage, 

transition diffusion and 

surface diffusion 

𝑘𝑎𝑝𝑝 =
𝐹𝑑2

32
+ 𝐷𝑒𝑓𝑓 .

𝜇𝑀

𝜌𝑅𝑇

+
𝐷𝑠𝜉𝑚𝑠𝜌𝑎𝑑𝑠

𝑝
.
𝜇

𝜌
 

• No correction for pore geometry factor 

for non-ideal structure 

• The surface diffusion correction factor is 

static; however, it should be pressure 

dependent especially in confined pore 

space 
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[164] 

Viscous, pore diffusion, 

surface diffusion 

𝑘𝑎𝑝𝑝

= {
𝜙

𝜏

𝑘∞𝑝𝑉𝑠𝑡𝑑
𝑅𝑇

(1 + 𝛼(𝐾𝑛))

1 + 𝐾𝑛
(1

+
6𝐾𝑛

1 + 𝐾𝑛
)}

+ {
2𝜙

3𝜏
𝑟 (
𝑑𝑚
2𝑟
)
𝐷𝑓−2

(
8

𝜋𝑅𝑇𝑀
)
0.5

𝑉𝑠𝑡𝑑𝜇
1

1 + 1 𝐾𝑛⁄
}

+ {
𝜙

𝜏
((1 −

𝑑𝑚
𝑟
)
−2

− 1)𝐷𝑠
𝐶𝑠𝑉𝑠𝑡𝑑𝜇

𝑝𝑀
} 

where, 𝐶𝑠 = (4𝜃𝑀) (𝜋𝑁𝐴𝑑𝑚
2 )⁄  

• Disregards the correction for adsorbed 

gas layer influence on effective pore 

diffusion 

• Contain some empirical parameter 

difficult to compute 

• Maybe a little bit cumbersome to 

implement 
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The basic types of numerical models that are available to describe the velocity profiling of 

gas particles as it changes from parabolic to piston-like flow shape will be explained 

accordingly. Analytical or semi-analytical models are simpler to implement, however 

numerical methods are more accurate but computationally costly. There is a need to 

improve accuracy of the organic flux component of the shale analytical model based on 

validation with MD simulation method with realistic kerogen structure. 

 Numerical methods 

Theoretical models discussed in section 2.4.1 may contain some fitting parameters that 

suggest some level of uncertainties in the performance of the analytical and semi-analytical 

equations. Besides, the shale velocity distribution in three-dimensional shale is complex 

and pore scale dependent. Numerical methods which are although less affordable have been 

useful in resolving the behavior of fluid transport in nanopores and micropores scale. These 

particle-based techniques are lattice Boltzmann method (LBM) [165–167] for microscale 

simulations, pore network model (PNM) [168–170], and molecular dynamics (MD) [171–

174] for nanoscale investigations. The numerical approaches, summarized in Figure 11 are 

the important components for the multiscale modeling framework of shale gas reservoirs. 

The PNM which was first developed by [175], employs both the connected pore size and 

pore throat distribution of a 3D geometry of the porous media. In other words, it can be 

employed to model pore throat connected by organic (inlet) and inorganic pores (outlet) in 

shale [169]. In addition, the network model is extracted from 3D shale binary models like 

digital rock images reconstruction, according to the maxima ball fitting method [176]. 

Nevertheless, the pressure distribution and gas permeability computed with this technique 

is based on a regular (circular, square, triangle or slit) cross-sectional pore geometry with 
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cylindrical shape [168,170]. Alternatively, LBM can be used to simulate microscale gas 

flow since slip boundary condition was proposed [177] for transport near the pore wall. 

However, for diffusion near the Knudsen layer, a high order lattice Boltzmann equation is 

required [178] or the relaxation time in the generalized model needs correction based on 

the Knudsen number [179] for the diffusion regime. MD on the other hand is applied to 

study gas transport in 3D pore geometry by describing the interactions between atom-atom 

and atom-wall. In addition, a force field is used to fit the atoms and mimic the chemical 

interactions. The type of force field depends on the adsorbent and adsorbate chemical 

composition amongst other parameters. Some common force fields for kerogen molecules 

are Dreiding, COMPASS, PCFF+, ReaxFF and CVFF [162]. While one of the popular 

force fields for clay and inorganic matter molecules are ClayFF [88]. The force field 

parameters for clays in MD simulations was summarized by Yu [7]. Besides, the adsorption 

forces which are assumed to be negligible in some LBM applications, can be described 

with these force fields using grand canonical Monte Carlo (GCMC) simulation [119,171–

174,180]. In some studies [165,180], the molecular simulation is employed as a basis of 

comparing the performance of Boltzmann and Bhatnagar-Gross-Krook (BGK) equation 

based model, especially in the few LBM studies where the surface diffusion through the 

adsorbed gas layer is calculated. Table 9 presents the main highlights of different 

numerical models and underlying assumptions at nanoscale and microscale. 
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Figure 11  Numerical simulation framework for describing the multiscale gas transport processes in 

microporous and nanopores systems [7].  
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Table 9 Summary of the basic equations, transport mechanisms and limitations for various methods employed for gas permeability simulation at the pore scale. 

Methods Basis Equation 

Condition(s) 

satisfied/transport mechanism 

Limitation(s) 

Klinkenberg [181] 

Navier-Stoke plus slip 

boundary 

Arbitrary Kn/viscous flow and 

slippage 

Need calibration for 

model parameters 

Ordinary LBM  [167,182–188,190]  

 

DSMC [191–193] 

Bhatnagar-Gross-Krook 

(simplified Boltzmann) 

equation 

 

 

 

 

Low Kn and arbitrary 

speed/viscous flow, slippage, 

and transition diffusion 

 

 

 

 

Invalid at high Kn 

 

 

 

 

 

 



47 

 

 

 

 

 

 

 

Boltzmann equation 

 

 

 

 

 

Arbitrary Kn but high 

speed/viscous flow, slippage, 

transition, and Knudsen 

diffusion 

 

 

 

 

Time-consuming at low 

speed, grid refinement at 

low Kn 

DVM [194–196] Boltzmann equation 

Arbitrary Kn and speed/viscous 

flow, slippage, transition, and 

Knudsen diffusion 

Costly in 3D due to high 

memory usage, grid 

refinement at low Kn 
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DSBGK [197–205] 

Bhatnagar-Gross-Krook 

(simplified Boltzmann) 

equation 

Arbitrary Kn and low 

speed/viscous flow, slippage, 

transition, and Knudsen 

diffusion 

Inaccurate at high speed, 

grid refinement at low Kn 

Hybrid DSBGK-LBM [120] 

Bhatnagar-Gross-Krook 

(simplified Boltzmann) 

equation 

Arbitrary Kn and low 

speed/viscous flow, slippage, 

and Knudsen diffusion 

Inaccurate at high speed 

LBM [119,165,166,180] 

D2Q9 scheme Bhatnagar-

Gross-Krook (simplified 

and generalized 

Boltzmann) and diffusion 

equation 

Arbitrary Kn and low 

speed/viscous flow, slippage, 

transition, Knudsen and surface 

diffusion 

Inaccurate at high speed 

PNM [168–170,176] 

Network and momentum 

(Navier-Stokes) equations 

Slip, transition, surface 

diffusion, ad/desorption 

Regular pore geometry 

like circular, square, slit 
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and triangular cross-

section 

MD [102,165,173,174,180,206,207]  

Lennard-Jones, mixing 

rule, Canonical, Gibbs and 

Einstein equations  

Effective diffusion (Fick, 

transition, Knudsen, surface 

diffusion/desorption), and 

adsorption 

High computational cost 
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2.5 Simulation of hydraulic fractured shale reservoirs 

Production forecasting is an essential component of hydrocarbon asset development, as the 

projected well rates are used to inform decisions regarding the optimal exploitation of 

hydrocarbon-bearing formations. In a general sense, production forecasting is either based 

on extrapolating existing data through time-dependent mathematical relationships (with 

some fitting parameters) in an approach known as decline curve analysis (DCA) [208,209] 

or through physics-based reservoir simulation schemes. The former approach is simpler, 

but its application is restricted to the preservation of the status quo of the formation, which 

can be subject to variation through different upstream operations such as changing the well 

placement, water injection, and application of tertiary recovery techniques. Reservoir 

simulation, on the other hand, requires a detailed description of the rock and fluid 

properties incorporated into specific transport and geological models. Over the years, 

Darcy’s law has remained the primary mathematical framework linking pressure 

drawdown to production rate. It was originally derived for incompressible single-phase 

laminar flow but has been supplemented with some additional equations to account for 

multiphase flow (i.e. relative permeability curves), compressibility effects (i.e. real gas 

law), capillary pressure effects (i.e. J-functions), and other aspects. Furthermore, fine-scale 

gridding of the reservoir was introduced through structured and unstructured grids to 

capture the local heterogeneity [210]. Nevertheless, this approach has faced limitations 

when applied to shale formations.  

Much effort has been made in the literature to explain that the detailed mass transport 

mechanisms responsible for the well rate when  producing from shale formations differ 

from simulation models used in conventional reservoir engineering [25]. The 
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sedimentation processes responsible for shale formation in a quiet marine environment 

reduces the petrophysical quality of the reservoir (i.e. porosity and permeability), while the 

presence of quartz induces brittleness that renders shales subject to abundant natural 

fractures upon deep burial [30,31]. The presence of organic matter adds more complexity, 

as the hydrocarbon accumulation in the formation is self-sourced, with a significant amount 

of gas trapped in the nano- and micropores associated with the organic matter [10,32–38]. 

Kerogen is an insoluble organic compound present in shale reservoirs with its elemental 

composition varying based on its origin and maturation. The skeleton of kerogen has 

micropores that host hydrocarbons in the sorbed phase. The sorption capacity is determined 

by the degree of organic matter maturity, and temperature and pressure conditions 

[109,211]. Hydrocarbons are expelled from the pores to the inorganic matrix system as the 

pressure declines [137]. 

Solving complex engineering mathematical relationships for the purpose of reservoir 

simulation is achieved through discretization of equations over space and time, honoring 

the geological heterogeneity of the reservoir, and thermodynamic properties of the fluid. 

To facilitate the reservoir simulation process in conventional hydrocarbon reservoirs, 

different software packages have been established, including Eclipse (owned by 

Schlumberger), Intersect (co-jointly owned by different ventures), tNavigator Rock Flow 

Dynamics, Nexus (developed by ARAMCO and owned by Landmark Graphics), Petrel 

Schlumberger, CMG, and other licensed and open-source interfaces. However, the 

different nature of shales as so-called unconventional, ultra-low permeability reservoirs, 

impacts the accuracy of these software platforms when used to describe mass transport 

dynamics and kinematics in shale reservoirs during typical production spans. Researchers 
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have repeatedly approached this knowledge gap by refining the existing tools rather than 

establishing new schemes. In this context, complex analysis methods attempted to shift the 

attention to the transport of fluids in the vicinity of natural and hydraulic fractures (HFs) 

as the primary source of permeability [212]. The results were used to generate type curves 

that can be used for production forecasting of different scenarios [213]. Some grid-based 

simulation [214–216] and machine learning [217,218] solutions exist to describe the 

multiscale transport physics in hydraulic fractured shale gas systems and could require 

much time and extra technical know-how to implement at field scale. 

Alternatively, one could look at shale’s characteristics as an opportunity for simplification, 

even though such simplification runs counter to current trends in modeling shales. 

Weijermars [219] revolutionized the way shale formations are simulated by introducing 

the Gaussian Pressure Transient (GPT) method, which was conceptualized based on 

several assumptions. The primary assumption is production with a constant bottom hole 

pressure (BHP), with pressure interference between adjacent hydraulic fractures accounted 

for via superposition, using a closed-form, gridless solution method. These assumptions 

are reasonable when considering shale resources, as they are of low permeability, have an 

extended transient period, with mass transport affected by internal boundary effects (such 

as pressure interference via the hydraulic fractures).  

Numerical simulation methods seem to be more common to model transport process 

hydraulic fractured shale because it is more accurate for macropores scale modeling. 

However, the numerical approach can be time consuming and may not completely capture 

the nanopores scale adsorption, diffusion tortuosity and complete transition diffusion 

phenomenon in microporous kerogen structure. For this reason, it is important to improve 
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the accuracy of analytical apparent permeability models to be more representative of the 

multiscale physics in both the organic and inorganic modes of shale. In addition, a unique 

reservoir simulation framework is required to uniquely upscale multiscale physics 

analytical transport models to predict production profile in a hydraulic fractured shale gas 

reservoir. 
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3 CHAPTER 3 

PROBLEM STATEMENT 

Based on the reviews of clay chemistry, pore system and adsorption characterization 

methods, it is clear that there is still room for further investigation of pore systems in the 

common clay types. Clay pore structures, geometry and distribution need to be analyzed 

and discussed in relationship with the chemical and physical properties to add more insight 

to literature. Therefore, the first study will investigate the pore volume characteristics of 

four clay types; Illite, chlorite, montmorillonite and chlorite role of clay types and further 

establish the order of adsorption capacity. This study will also provide insight to the pore 

systems to expect in clay-rich shale gas reservoirs. 

Further review also showed that some of the adsorption, diffusion and shale gas 

permeability studies in the literature were conducted with carbon [92–95,97] and graphite 

nanotubes [7,91,96,98], which are not representative of the realistic kerogen structures as 

presented in Figure 8.  At best some research that utilizes recreated shale structure from 

SEM images does not completely capture the micropores (< 2nm pores size) mainly 

contained in the organic phase of shale.  

It is noteworthy that the mechanisms that characterized movement of molecules in a porous 

media are sensitive to the transport domain and transition diffusion is the predominant 

diffusion regime in the kerogen microporous system. Transition regime occurs when there 

is an equal contribution of wall-gas molecules and intermolecular collision [105]. Usually, 
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this late transition regime that occurs mainly in micropores is not captured in most shale 

transport studies.  

The review of transport models also showed that numerical methods like MD simulation, 

PNM, LBM are more accurate compared to analytical apparent permeability models 

however have a higher computational cost. Extensive GCMC and MD simulation studies 

are required to understand the sorption and effective diffusion characteristics of a realistic 

kerogen geometry. Interestingly, the accuracy of the apparent permeability models can be 

improved by updating the organic flux term to incorporate well understood and defined 

kerogen pore structural parameters that can be calibrated with molecular simulation data 

using realistic kerogen structure. 

Finally, the updated and physics based analytical transport models can be integrated and 

applied to large scale simulation of hydraulic fractured reservoirs to serve as an alternative 

modeling framework to the common numerical simulation approaches. A forward 

simulation workflow would make it quite easy to simulate flow in hydraulic fractured 

reservoirs and readily couple shale apparent permeability transport models with pressure 

transient solutions that are accurate at macropores, mesopores and micropores scale. 

Therefore, the research gaps and objectives are formulated as follows in section 3.1 and 

3.2 respectively. 

 

3.1 Research gaps 

The research gaps are summarized as follows: 
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1. The order of gas adsorption preference of the four common types of clay; Illite, 

Montmorillonite, Kaolinite and Chlorite are still debatable 

2.  Adsorption and diffusion with realistic organic matter structures require more 

understanding as regards the pore structure and geometry of kerogen. 

3. The accuracy of existing shale apparent permeability could be improved by 

updating the organic flux based on molecular simulation of realistic kerogen 

structure to capture the full pore scale diffusion regimes, especially for higher 

Knudsen number flow that occur around early transition, late transition and 

Knudsen diffusion regimes. 

4. A unique way to simulate flow in fractured shale gas reservoirs is required that will 

capture the transport physics in micropores and mesopores present in shale 

especially. 

 

3.2 Research objectives  

To resolve some of the highlighted research gaps and contribute to the literature of shale 

gas reservoirs especially as it relates to micropores transport physics, we formulate the 

objectives as follows: 

1. Perform experimental study of the pore volume and adsorption characteristics of 

Illite, Kaolinite, Montmorillonite and Chlorite rich shale. 

2. Employ molecular simulation to study pore structure and adsorption behavior, and 

gas self-diffusivity of a realistic kerogen micropores present in shale. 

3. Develop a self-diffusivity model validated with GCMC adsorption and MD 

diffusion simulation results respectively for predicting micropores early transition, 
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late transition and Knudsen diffusion transport phenomena and complex kerogen 

geometry. 

4. Based on the insight from kerogen study, update organic flux term in the shale 

apparent permeability model that will be accurate for complex shale systems. 

5. Propose a new simulation scheme that couples the multiscale physics to forward 

model production rate in hydraulic fractured shale gas reservoir based on Gaussian 

Pressure Transient. 
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4 CHAPTER 4 

PORE VOLUME CHARACTERISTICS OF CLAY-RICH 

SHALE: CRITICAL INSIGHTS INTO THE ROLE OF 

CLAY TYPES, ALUMINIUM AND SILICON 

CONCENTRATION1 

Abstract 

Shale resources contain a significant quantity of clay minerals and organic matter. These 

material components influence the evolution of intra- and inter-granular pore features. This 

study investigates the role of clay’s elemental concentration, purity and types on its pore 

attributes. Four samples; illite, chlorite, montmorillonite, and kaolinite-rich clay samples 

were studied. Clay elemental composition, purity, pore shape, and structural parameters 

were determined. X-ray fluorescence and diffraction techniques were used to compute the 

elemental and mineralogical compositions of clay samples, respectively. Rock surfaces 

were mapped using the energy dispersive x-ray spectroscopy and scanning electron 

                                                 

 

 

1 This chapter is copied from the manuscript: C Afagwu, M Mahmoud, S Alafnan, A Alqubalee, A 

ElHusseiny, S Patil (2022). Pore Volume Characteristics of Clay-Rich Shale: Critical Insight into the Role 

of Clay Types, Aluminum and Silicon Concentration. Arabian Journal for Science and Engineering, 1-17. 
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microscopy to confirm the distribution of elements and clay homogeneity, respectively in 

the four phyllosilicate materials. Total organic content analysis confirms the quantity of 

organic matter. N2 adsorption/desorption experiment at 77 K and over a relative pressure 

range up to 0.995 was executed with a surface area and porosity analyzer, to extract 

information regarding the pore shape, and determine the pore volume and specific surface 

area. The interrelation of the purity and computed pore structure properties was established. 

Mineralogy and elemental analyses showed that the studied samples with clay purities of 

60–98% have a combined 80–96 wt.% of Aluminum (Al), Silicon (Si), and Iron (Fe). The 

adsorption–desorption curve at p/po < 0.04 and carbon content analysis indicate that clays 

accommodate negligible micropores. The type III and IV isotherms combined with H1, 

H2, and H3 hysteresis loop implied that clay had connected complex pores with plate-like, 

uniform cylindrical, and inkbottle shapes. Capillary condensation and evaporation curves 

revealed more mesopores and macropores of 2-50 nm and > 50 nm, respectively. The pore 

distribution plateaued around an average of 100 nm, which confirmed the suitability of the 

Barrett-Joyner-Halenda technique to characterize clay mesopores. Kaolinite has the highest 

capacity (74.43 cm3/g) to host N2 gas at a standard temperature and pressure followed 

bymontmorillonite (65.08 cm3/g), chlorite (21.01 cm3/g) and illite (16.59 cm3/g) in that 

order. The capacity of the pores to store fluid and their average size follow a similar pattern 

and increase with aluminum and clay contents. A specific surface area of the non-

micropores is directly related to silicon concentration. The study provides an insight 

regarding the potential of kaolinite (with the highest aluminum concentration of 39.5wt.%) 

as a good catalytic material required to speed up the esterification reaction. In addition, it 

can serve as a waste repository and a material for the treatment of phosphorus-containing 
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contaminants in polluted areas. This research confirms that montmorillonite with the 

largest specific surface area in non-micropores and silicon content of 63.9 wt.% promotes 

reactivity and cation exchange interaction. However, this high basal spacing attribute of 

the material means that swelling will occur in the presence of water. 

Keywords: Pore volume characteristics, Clay-rich shale, Mineralogy, Clay minerals, 

aluminum and silicon 

 

4.1 Introduction 

The pore structures, chemical composition and physical properties of clay materials are 

widely characterized in literature by combining multiple approaches [220–224]. Hassan et 

al. [220] utilized both Atomic Force Microscopy (AFM) and low-pressure argon adsorption 

analysis to determine the specific surface area (SSA) of non-swelling kaolinite edge face 

coupled with edge and basal face of illite. Chen [225] coupled nano-indentation, SEM, and 

Energy Dispersive X-ray Spectroscopy (EDX) methods to study the effect of crystalline 

Calcium Silicate Hydrated (C-S-H) composite on the mechanical properties of cement with 

a low water/cement ratio. Macht [221] computed the edge and basal specific surface area 

in illite and montmorillonite clay using AFM, N2 gas adsorption, and Ethylene Glycol 

Monomethyl Ether (EGME) liquid adsorption methods. Boulingui et al. [226] 

characterized the mineralogy, physical and chemical properties of raw kaolinite and illite-

rich clay using XRD, Diffuse Reflectance Fourier Transform Infrared Spectroscopy 

(DRIFTS) and SEM techniques. The outcome showed that Gabon-originated clays are rich 

in silicate and poor in aluminum elements. Zaffar and Lu [227] integrated MIP and N2 

adsorption to study the pore distribution in three clayey soils. Li [228] combined SEM, 
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focused ion beam (FIB)-SEM, areal porosity method (APM), and MIP to study the organic 

and inorganic porosities in mudstone and dolomite. Wilson et al. [229] employed Nano-

Indentation and Quantitative EDX to study the micro-chemo-visco-mechanical properties 

in a heterogeneous cement paste. Elgamouz [230] studied the elemental oxides in clay and 

their relationship with porosity and SSA using XRD, thermal analysis, infrared spectral 

and SEM techniques. Kariem [222] integrated SEM, EDX, and XRD measurements to 

compute the volume fractions of these mineral phases in fired clay materials and studied 

the impact on their mechanical behavior. Qian [231] summarized the application of surface 

analytical techniques like Low Energy Electron Diffraction (LEED), Electron Backscatter 

Diffraction (EBSD), Quantitative Evaluation of Minerals by SEM (QEMSCAN), three-

Dimensional Secondary Ion Mass Spectroscopy (3D-SIMS) and many others for earth 

science applications. Nuclei Magnetic Resonance (NMR) have also been utilized alongside 

other radiation and/or penetrating fluid techniques to investigate clay pores structures 

[232,233]. In summary, it is clear that there are some established experimental workflows 

to determine the chemical composition, physical properties and porous structure of 

different clay types using XRD/XRF, AFM, thermal analysis, SEM, SEM-EDX, NMR, 

low temperature gas adsorption and other specialized methods. However, more unified 

studies to investigate the role of clay chemical composition and mineralogy on the 

development of intra-granular pore volumes attributes in clay-rich shale are required. It is 

notable that the role of kerogen types and maturity [157,160,234,235] on the pore 

development of organic-rich shale has been studied in detail compared to clay-containing 

unconventional reservoirs. Furthermore, the insights gained from establishing the 

connection between the pore structure properties, clay types and elemental analysis will 
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advance the development of synthetic clay materials with specific chemical compositions 

for improved repositories and surface reactivity applications.   

In this study, the role of clay purity and elemental composition on the pore structural 

properties of the phyllosilicate materials was investigated. The four clay types utilized for 

the research were kaolinite, montmorillonite, chlorite and illite. Clay elemental 

concentrations and purity were computed with Micro-XRF (µXRF) and XRD, and further 

confirmed using image maps from XDS and SEM respectively. A low-temperature N2 

adsorption/desorption experiment was performed at 77 kelvin and over a relative pressure 

range up to 0.995. Pore shape was inferred from the hysteresis loop and isotherm type.  

Consequently, the interrelation between the clay purity, elemental concentration, specific 

surface area and pore volume at different pore-scale was established. This article was 

organized as follows: Section 4.2 provides the detail of the materials and methods utilized 

for this study such as, µXRF, XRD, organic content analysis, SEM-EDX and low-pressure 

adsorption using nitrogen probes. Section 4.3 presents the results, and specifically 

highlights the relationship between the mineral composition and clay purity and the 

average pore size, pore volume, and specific surface area of studied clays. Section 4.4 

discusses the implications of using aluminum and silica-rich clay in waste management 

and reaction processes. Finally, section 4.5 concludes this research with insight into future 

research focus. 

4.2 Materials and Methods 

This study utilized four outcrops’ samples of clay-rich rocks with different degrees of 

purity, and were obtained from a vendor in the United States of America. The four samples 
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include montmorillonite, kaolinite, chlorite and illite. All samples have been pulverized 

with a mortar and pestle to improve the surface area responsible for the interactions 

between fluid and rock. Crushed clay is widely used in the literature in adsorption studies 

and for XRD analysis [80,156]. The phyllosilicate materials were granulated in such a way 

as to maintain a relatively large grain, with a mean diameter that is less than 250 µm to 

prevent inter-particle nanoporosity from forming among the clay grains. The chemical and 

mineralogical composition of the studied clay samples were determined using µXRF and 

XRD techniques respectively. The distinction between these samples was mapped using 

SEM-EDX of QEMSCAN 650F. JEOL JCM-7000 NeoScope Benchtop SEM was used to 

image the variation in the purity of the studied samples at 200 µm resolution. Organic 

content analysis was performed on kaolinite, montmorillonite, illite and chlorite-rich rocks. 

Surface area and porosity analyzer were utilized to conduct N2 adsorption/desorption 

experiments at 77.4 K and over a range of relative pressure up to 0.995. The experiments 

will be described in detail afterward.  

 µXRF analysis 

Brucker M4-Tornado µXRF instrument was utilized to determine the elements and oxides 

present in the clay materials. The equipment contains a rhodium source with voltage and 

current of 50 kV and 600 µA respectively. In addition, the device has a polycapillary optic 

that is around 20µm spot-size and two silicon drift detectors. Five spots were selected 

randomly per sample to ensure reproducibility. Then, the samples were scanned with a 

high-energy X-ray, followed by the emission of a characteristic fluorescent X-ray. The 

secondary rays emitted afterwards were examined with the Module M-Quant available in 

the M4 software package. This software provides dependable results of the bulk samples’ 
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composition, because it is based on the fundamental parameters models that use less 

standard analysis. Results were presented as normalized percentages of the elemental 

concentration.  

 XRD analysis 

Malvern PANalytical Empyrean was used to identify and quantify the mineralogical phases 

of the studied samples. After pulverizing the samples, this XRD instrument collected the 

phase peaks, which have been spotted and measured using the Highscore plus of 

PANalytical™ attached with ICCD PDF-4+ 2022. Phase concentration was estimated by 

summing the XRD in automated full pattern summation mode. The alignment or maximum 

shift was set at 0.3°. A Limit of detection, set at 1.0 wt.% was utilized during the fitting 

process to evaluate the phase-detection limits. At the same time, the reference patterns that 

are below the lowest concentration were eliminated.  

 SEM-EDX and SEM analyses 

SEM-EDX of QEMSCAN 650 F was deployed to map the elemental concentration in the 

clay samples. This instrument operates on the SEM principles and is attached with two 

Bruker EDX detectors. The capability and applications of QEMSCAN 650F are present in 

the literature [236]. Before SEM-EDX scanning, the same samples used for µXRF and 

XRD analyses were compressed and coated with platinum. The SEM backscatter electron 

(BSE) images and EDX mapping were generated at 15 kV with a 13 mm working distance.  

The compressed studied samples coated with platinum were scanned via JEOL JCM-7000 

NeoScope Benchtop SEM. This technique was run on 15 kV and 12 mm working distances 

to scan all the sampled surfaces.  



65 

 

 Total organic content (TOC) analysis 

Carbon-containing rocks host significant micropores that could impact clay pore size 

distribution. A detailed examination of clay micropore distribution will not be required if 

the TOC<1wt.% [237]. TOC analysis was performed to determine the extent of the 

presence or absence of carbon compounds in the studied clay samples. This inspection 

employs the principle of aerobic combustion of organic compounds by using a catalyst to 

produce CO2. A direct non-dispersive infrared detection was utilized to determine the 

produced carbon dioxide. Approximately 200mg of homogenized and dried clay samples 

were weighed and placed into a pre-combusted and clean carbon-free ceramic boat. 

Afterwards, the samples were treated with a small volume of concentrated hydrochloric 

acid and at least 2 hrs. were allowed to remove the inorganic carbon from the sample 

completely.  Before the boats containing the inorganic carbon-free samples were placed on 

Shimadzu SSM 5000A assembly and combusted at 900 ℃ in a stream of 𝑂2 gas, they were 

dried on a hot plate at 105 oC. Finally, a TOC-VCPH carbon analyzer equipped with a non-

destructive Infrared (NDIR) detector was used to measure the produced CO2 for each 

sample. 

 Low-pressure N2 adsorption 

Micromeritics ASAP 2020, an automatic surface area and pore size analyzer was used for 

the measurements. Each clay sample used was crushed to <250 µm (about 60-mesh 

number). It is worthy to note that the grain surface area utilized for this analysis is at a scale 

where there is a negligible effect of sedimentary or macro fabrics on the clays’ sorption 

capacity [73,238]. First, a dried and empty sample tube that contains a filler rod and seal 
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frit was weighed in an analytical balance. The second step was to weigh and record an 

appropriate sample ranging from 0.20g to 0.35g.  

Furthermore, the sample was added to the empty tube and the new weight was recorded. 

The same procedure was used for the other three samples. The clay materials were degassed 

under vacuum for 80 minutes at 220℃. The weight employed for analysis is the difference 

in sample weight before and after degassing. After that, the sample analysis proceeded, and 

N2 adsorption and desorption branch measurements were accomplished at 77.4𝐾, between 

𝑝~0.001 𝑝𝑜 and 𝑝~0.995 𝑝𝑜. Brunauer-Emmet-Teller (BET) equation, Barrett-Joyner-

Halenda (BJH) based on Kevin equation, and Harkins and Jura t-plot method were used to 

determining the SSA, pore distribution at various pore-scales, and micropores properties, 

respectively. The theoretical foundation of these constant temperature models will be 

expounded.  

Brunauer-Emmett-Teller (BET) equation 

BET is a multilayer adsorption model that describes the distinct energy of different 

adsorption sites. This isotherm equation, that is employed to compute the total SSA of 

mesoporous to microporous materials [239] is as follows: 

 𝑉𝑎𝑑𝑠 = 𝑉𝑚
𝑐𝐵𝐸𝑇(𝑝 𝑝𝑜⁄ )

(1−𝑝 𝑝𝑜⁄ )(1+(𝑐𝐵𝐸𝑇−1)𝑝 𝑝𝑜⁄ )
       (4.1) 

where,  𝑉𝑚 is monolayer adsorption capacity (cm3/g), 𝑝 𝑝𝑜⁄  is the relative pressure of 

nitrogen gas at a given pressure and temperature. 𝑐𝐵𝐸𝑇 = 𝑒𝑥𝑝((∆𝐻1 − ∆𝐻𝑚) 𝑅𝑇⁄ ) is 

constant, ∆𝐻1, is the heat of adsorption (J/mol), ∆𝐻𝑚, is the heat of gas condensation, 𝑅 =

8.314 J/Kmol is a universal gas constant, 𝑇 is the temperature (𝐾). Then, 𝑠𝐵𝐸𝑇 =

𝑉𝑚𝑉𝑠𝑡𝑑𝑁𝐴𝐴𝑚, is total specific surface area (m2/g), where, (𝑁𝐴 = 6.022 × 10
22 𝑛𝑢𝑚𝑏𝑒𝑟/
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𝑚𝑜𝑙), 𝐴𝑚 = 0.162 𝑛𝑚2 is the surface area of nitrogen molecules at 77 K [240], and 𝑉𝑠𝑡𝑑 =

22.4 × 103cm3/mol  of gas at STP. It is important to state that the model is valid for 0.05<

𝑝 𝑝𝑜⁄ < 0.35. To avoid a complex model fitting procedure, the original BET Eq. (4.1) is 

re-written in a linear form [241,242] as: 

   
𝑝 𝑝𝑜⁄

𝑉𝑎𝑑𝑠.(1−𝑝 𝑝𝑜⁄ )
=

1

𝑉𝑚.𝑐𝐵𝐸𝑇
+

𝑐𝐵𝐸𝑇−1

𝑉𝑚.𝑐𝐵𝐸𝑇
.
𝑝

𝑝𝑜
             (4.2) 

where, the slope and the intercept of the plot of 
𝑝

𝑝𝑜
 versus 

𝑝 𝑝𝑜⁄

 𝑉𝑎𝑑𝑠.(1−𝑝 𝑝𝑜⁄ )
 are utilized to 

compute 𝑉𝑚 and 𝑐𝐵𝐸𝑇 respectively. To guide the selection of 𝑝 𝑝𝑜⁄  fitting range, which 

should not be the same for all materials, the criteria suggested by Rouquerol et al. [243] 

must hold. First the 𝑐𝐵𝐸𝑇 must be positive. Second, the BET-plot intercept is positive, and 

the term 𝑉𝑎𝑑𝑠(𝑝
𝑜 − 𝑝) should continuously increase with 𝑝 𝑝𝑜⁄ . Otherwise, if the 

conditions fail, the relative pressure range should be narrowed, while the fitting is repeated. 

It is worthy to note that the monolayer adsorption parameter 𝑉𝑚, over-estimate the 

micropores volume by accounting for not only the adsorbate filled in the micropores but 

also the content of the statistical monolayer in the non-micropores [243]. 

Harkins and Jura t-plot model 

‘t-plot’ is one of the models utilized to compute micropores volume and specific surface 

area in a material. It captures the amount of fluid that could be contained in 

supermicropores and some ultramicropores within 0.4 ~ 2.0 nm [242], and is represented 

as a graph of adsorbed volume (𝑉𝑎𝑑𝑠) versus a statistical thickness (𝑡𝑎𝑑𝑠) of the adsorbed 

layer (angstrom). The presence of these pore categories in this material will be confirmed 

from TOC analysis, so that any need for micropores characterization using more advanced 

techniques will be justified. More importantly, there are several developed models to 
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estimate 𝑡𝑎𝑑𝑠. However, the Harkins and Jura thickness equation (Eq. 4.3), which is the 

most widely applied for N2 adsorption [244] was utilized in this study.  

  𝑡𝑎𝑑𝑠 = [
13.99

0.034−log(𝑝 𝑝𝑜⁄ )
]
1 2⁄

                                                (4.3) 

Interestingly, a t-plot for a material that hosts a negligible amount of micropores will 

produce a straight line that passes through the point (0, 0) of the graph. Conversely, a 

micropores-containing material shows a straight line and a concave-down curve at medium 

and lower 𝑡𝑎𝑑𝑠 values respectively. Meanwhile, a convex up deviation from the linear trend 

at higher 𝑡𝑎𝑑𝑠 indicates capillary condensation in mesopores. The slope 𝑚𝑡𝑝𝑙𝑜𝑡 and 

intercept 𝑏𝑡𝑝𝑙𝑜𝑡 of the straight-line portion at the medium of 𝑡𝑎𝑑𝑠 were employed to 

compute the external specific surface area, 𝑆𝑒𝑥𝑡 = 15.47𝑚𝑡𝑝𝑙𝑜𝑡(m
2/g) and micropores 

volume of adsorbed gas, 𝑉𝑚𝑖𝑐 = 0.001547𝑏𝑡𝑝𝑙𝑜𝑡 (cm3/g) respectively. Finally, the 

micropores SSA, 𝑆𝑚𝑖𝑐 = 𝑠𝐵𝐸𝑇 − 𝑆𝑒𝑥𝑡, and 𝑠𝐵𝐸𝑇 is the total SSA (𝑠𝐵𝐸𝑇) while, 𝑆𝑒𝑥𝑡 is the 

non-micropores SSA [73,242]. 

Barrett-Joyner-Halenda (BJH) equation 

BJH method mainly characterizes the pore distribution in mesoporous materials, 

and is based on Kevin equations in cylindrical pores. Pore size distribution computed with 

this model is possible by analyzing the capillary condensation phenomenon in the net pore 

space after discounting 𝑡𝑎𝑑𝑠 from pore radius,  𝑟.  

   ln(𝑝 𝑝𝑜⁄ ) = −
𝛼𝛾𝑉𝑚𝑜𝑙

𝑅𝑇(𝑟−𝑡𝑎𝑑𝑠)
                                                (4.4) 
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where, 𝛼 is the shape factor of the gas/liquid interface during the adsorption process. 

Assumption of 𝛼 = 1 is made in the interpretation of the pore distribution with this method, 

and it signifies that the interface has a cylindrical shape [245], 𝛾 is the surface tension of 

liquid nitrogen (N/m), 𝑉𝑚𝑜𝑙 is molar volume (m3/mol), 𝑟 is pore radius (m). The shape 

factor also denotes the topology and influences the interpretation of the capillary 

condensation phenomenon. Depending on the assumptions, the adsorption-desorption 

hysteresis loop could be asymmetrical (ellipsoidal) for the pores with constrictions and 

symmetrical for regular cylindrical pores [245] because of condensation pressure 

difference for the two cases. Kelvin-based model (Eq. 4.4) could under-estimate the pore 

volume in a material with almost 20-30% of micropores because pore shape is usually 

asymmetric in small pores. However, in mesopores- and macropores-dominated structures, 

the consequences of this phenomenon will be negligible. The results of the elemental and 

mineralogy analysis coupled with low-pressure adsorption/desorption studies will be 

presented in the results section. Integration of the clay purity, the concentration of dominant 

elements and adsorption information will provide further insights into the storage capacity 

in clay mineral grains and its associated properties such as pore shapes complexity, pore 

volume and SSA at multiscale. 

4.3 Results and Discussions 

 Sample characterization 

The elemental concentration, clay purity and surface mapping of elements obtained from 

the µXRF, XRD and SEM-EDX respectively are summarized in this section. First, the 

elemental composition results from µXRF are presented. Furthermore, the X-ray 
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diffraction results from which the main minerals in the sample are identified by the peak 

positions and with reference to an established literature library are reported. The outcome 

of the TOC analysis and mineralogy summary is also presented in tabular form. Finally, 

the SEM-EDX surface maps, which show the distribution of elements in the studied clay 

samples are provided.  

Elemental composition of µXRF 

The combined Table 10 and Figure 12a explains the elemental concentration in each clay-

rich sample obtained from µXRF. The non-destructive analytical technique showed a 

significant quantity of aluminum and silicon in the four clay samples. It is obvious from 

Figure 12a that there is a great contribution of aluminum and silicon weight percentage 

(wt.%) compared to Titanium, Potassium, Calcium, Manganese, Iron, Sulfur, Magnesium 

and Sodium elements in clay. Si, Al and Fe, are the major sandstone components, and 

account for over 80-96% elemental compositions of the studied clay samples. The high 

content of silicon provides the first hint that the materials will contain some macropores, 

commonly associated with the Silica found in quartz-rich rocks. The aluminum content is 

fairly related to the clay purity in wt.% (Figure 12b). In other words, irrespective of the 

clay type, increase in clay purity implies a higher aluminum concentration.  

Table 10 Micro-XRF elemental composition in the four studied samples 

Clay types/ elements Al Si S K Ca Ti Mn Fe Mg Na Others 

Illite  14.73 55.50 0.02 13.65 2.67 1.50 0.09 9.94 1.64 0.00 0.25 

Chlorite 22.99 42.05 2.16 6.16 0.39 1.78 0.12 22.26 1.68 0.00 0.40 

Kaolinite 39.49 55.67 0.01 0.00 0.10 3.44 0.01 0.80 0.00 0.00 0.47 

Montmorillonite 17.89 63.90 0.51 0.94 2.29 0.26 0.10 10.74 1.91 1.31 0.14 
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Figure 12  (a) Elemental composition by clay types (b) relationship between clay wt. % from XRD and 

aluminum wt. % from µXRF for chlorite, illite, kaolinite and montmorillonite-containing clay samples 

 

XRD mineralogy and TOC analyses 
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XRD mineralogical analysis in Figure 13 hints that clay minerals are present in the samples 

of kaolinite, montmorillonite, chlorite and illite. From the XRD data, the montmorillonite 

sample has an average purity of 92.1% with traces of quartz (av. 7.9%) and vermiculite 

clay minerals (av. 2.3%). The kaolinite sample has an average of 97.2% purity, and a very 

small amount of calcite (av. 2.2%) and strontianite minerals (av. 0.6%). On the other hand, 

chlorite does not only contain chlorite clay minerals (avg. 94%) but also minor fractions of 

anorthoclase (av. 5.4%), pyrite (av. 0.5%) and quartz minerals (av. 0.1%). Furthermore, 

illite average purity is 58.9%, quartz (15.7%) and chlorite clay (6%). In the four samples, 

clay crystalline materials account for about 58.9-97.2% weight. The TOCs of the four 

samples, ranging from less than 0.005% to 0.76%, are generally low, implying that there 

are negligible amounts of micropores, which are usually associated with the organic matter 

constituents. For this reason, no further analysis will be required to uncover the amount of 

intra-granular micropores in this study.  

 

Figure 13  XRD patterns from montmorillonite, kaolinite, illite and chlorite-rich samples. 
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Table 11 presents the TOC analysis results and clay purity wt.% of the four samples 

obtained from XRD.  

Table 11 TOC and clay purity from organic content and XRD analysis 

Sample ID TOC, wt. % Clay purity, wt.% Others, wt.% 

Illite 0.005 58.9 41.1 

Montmorillonite  0.010 92.1 7.9 

Chlorite 0.750 94 6 

Kaolinite 0.760 97.2 2.8 

 

SEM-EDX surface elemental mapping 

The presence of major elements in the studied clay samples such as silicon, aluminum, 

iron, and other minor elements can be visualized in Figure 14. The dispersive x-ray 

spectroscopy map is a better representation of the elemental compositions in kaolinite, 

chlorite, montmorillonite and Illite samples. The blue color signifies aluminum and 

confirms the results from µXRF analysis (Table 10), that the aluminum concentration is 

the highest in kaolinite, followed by chlorite, montmorillonite, and the least in the illite 

clay sample. Similarly, the silicon content representing the deepest red is the highest in 

montmorillonite, followed by kaolinite and illite, and the least in chlorite (Table 10).  
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Figure 14   Images from SEM-EDX showing aluminum (Al), silicon (Si), iron (Fe) and potassium (K) in clay 

minerals:  a-e) illite and f-j) montmorillonite k-o) chlorite and p-t) kaolinite samples. 

 

 Morphological characteristics using SEM 

SEM backscattered images present the morphology of the clay samples in Figure 15. The 

purpose of clay surface mapping is to show the material form, shape and structure. It is 

clear that kaolinite is more homogeneous and this observation confirms the results of the 

individual mineral purity. Kaolinite clay has the highest purity of 97.2% according to Table 

11. However, the pore shapes may be challenging to infer from a 200 µm resolution of 

surface imaging. Thus, a more detailed mapping of higher resolution will be required. 

Again, the current study is limited by the absence of solid samples for all the clay samples 

under consideration. A compressed pulverized material is used as an alternative for this 

analysis (detailed in section 4.2). The dark features in Figure 15 may represent artifacts 

like pores, carbon content or any other feature, which will require further analysis to 
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confirm. More importantly, detailed information regarding the physical properties of clay 

structures like pore shapes will be determined from the adsorption-desorption data. 

 

Figure 15  SEM images of L to R a) illite and b) montmorillonite c) chlorite and d) kaolinite samples showing 

vividly the degree of homogeneity of the clay materials. 

 

 Low-pressure N2 isothermal measurements 

The behavior of adsorption capacity versus relative pressure profiles depends on the pore 

morphology and degree of interactions between the adsorbent and adsorbate system. In 

other words, the adsorbate-adsorbent system, pore-size scale and storage mechanisms are 

inter-related. Micropores filling for instance is the controlling process in micropores (<2.0 

nm), while capillary condensation and multilayer adsorption are prevalent mechanisms in 
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mesopores (2.0 – 50 nm) and macropores (> 50 nm) respectively [73]. In the adsorption-

desorption curve, a reversible path occurs in <2.0 nm pores filling process at a very low 

relative pressure. However, at a higher relative pressure 𝑝 𝑝𝑜⁄ , capillary condensation and 

desorption occurs mainly in the 2-50 nm pores. At this stage, if a limiting adsorption or 

plateau is observed, this indicates a complete mesopores filling. Contrary to the behavior 

in the mesopores, the macropores in the materials will exhibit a complete reversible 

isotherm. More description of the pore shape complexity, pore size, specific surface area, 

and volume can be obtained from the constant temperature measurement [72–74]. 

The physisorption mechanisms for this study were characterized according to IUPAC 

classification, based on six possible types of observed adsorption isotherms and four types 

of hysteresis loops as; I to VI [73,74] and H1 to H4 [246] respectively. Nitrogen adsorption 

and desorption curves at STP for the different clay-rich samples in this study are presented 

in Figure 16. The measured adsorption isotherms (Figure 16) depict a combination of type 

III and IV type, consistent with the observations within the relative low-pressure and 

intermediate-to-high pressure range respectively [246]. The isotherm type III suggests that 

the quantity of micropores is negligible, while type IV indicates that the clay samples have 

a significant amount of mesopores. In other words, the property of type IV is the hysteresis 

loop, which confirms the presence of mesopores in the clay samples studied. While type 

III is characterized by a very small amount of microporous materials with negligible 

adsorption amount at relatively low-pressure region  𝑝 𝑝𝑜⁄ < 0.04. Besides, the 

phyllosilicate material has a TOC below 1% according to the organic content analysis, and 

insinuates that the amount of micropores, commonly hosted in the organic phase of the 

clays is negligible. The adsorption capacity steadily increases after the very slight 
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micropores filling process, which reflects the stage of completing the monolayer adsorption 

process. Multilayer adsorption process starts afterward. Capillary condensation of N2 is the 

final mechanism in the mesopores, and represents the filling of the mesopores above 0.9 

relative pressure (Figure 16a to d). Nevertheless, no plateau was observed even at the 

experimental relative pressure of 0.995, and this suggests an incomplete multilayer 

adsorption in the large pores (macropores).  

Conversely, the desorption process starts from the macropores as pore pressure declines. 

Interestingly, a gap was observed between the adsorption and desorption path in the 2-50 

nm pores region. The space between the evaporation and condensation phase in the 

mesopores is called the hysteresis loop. Again, the loop existing at high relative pressure 

supports the type IV adsorption isotherm class, and the size of the envelope could infer 

how much mesopores are present in the clay. Interestingly, this observation is consistent 

with the adsorption-desorption study on clay minerals in the literature [75,109]. Several 

reasons that explain the occurrence of hysteresis include pore-blocking effects, 

deformation of adsorbent, metastability of adsorbate and adsorbate molecular chain length 

and so on. The pore-blocking process by the mesopores could provide a good reason for 

the absence of capillary evaporation in some large pores. Precisely, the condensation 

pressure in larger pores is higher than in small pores, which creates a prevention of capillary 

evaporation from large pores by the liquid nitrogen in the connected small pores. The small 

pores are required to be emptied before desorption can take place in those macropores 

compartments. The adsorption curve provides information regarding the pore size 

distribution and rock properties.  
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Meanwhile the desorption and hysteresis loops tell the pore blocking phenomenon [247]. 

From Figure 16a, the illite shows a smaller and asymmetric hysteresis loop of type H2 with 

a relatively less steep desorption branch, and hints at ink bottle-shaped pores’ dominance. 

In addition, the absence of an obvious limiting adsorption at high relative pressure suggests 

the presence of some type of H3 slit-shaped pores and/or macropores. A similar pattern 

was observed in the chlorite (Figure 16b). It contains the same degree of hysteresis loop as 

illite, which means that the two samples may contain relatively equal amounts of 

mesopores.  

Contrariwise, the montmorillonite depicts a wide and asymmetric loop in Figure 16c, of 

type H2 with a steep desorption branch, and could hint that the rock contains mainly ink 

bottle-shaped pores and more mesopores. Besides, there is no horizontal peak at high 

relative pressure. The absence of adsorption plateau similarly insinuates the presence of 

some type H3 plate-like pores and/or macropores in the material. Again, these observations 

are consistent with previous studies in clay [72,75]. Finally, the sample with abundant 

kaolinite clay showed a hysteresis loop but with a very small-sized envelope (Figure 16d). 

The narrow gap implies nearly complete desorption and may infer the pore-scale 

homogeneity [247]. In other words, the kaolinite-rich material has larger pores and as 

substantiated from the size distribution. The interesting characteristic is the vertically 

narrow shape that resembles type H1 loop, nevertheless does not exhibit a plateau at 

high 𝑝 𝑝𝑜⁄ . This feature matches type H3 loop or slit-shaped/macropores.  

Forced closure of the desorption branch is seen in Figure 16a, 16b and 16d at 𝑝 𝑝𝑜⁄ ~0.44, 

and it is called the ‘Tensile Strength Effect’ due to the instability of the hemispherical 

meniscus during desorption in pores with critical diameters of approximately 4 nm 
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(mesopores) [248]. It is noteworthy that the volume of adsorbed nitrogen displayed in 

Figure 16 was measured at standard temperature (0oc) and pressure (14.7 psi), above the 

two-phase critical temperature of N2 (-147oC). Since, gas expands and its volume increases 

with temperature, the volume at STP is expected to be higher than the volume at -196oC, 

the condition at which the pore attributes were assessed.  

  

 
 

Figure 16  Shows the N2 adsorption and desorption plots at standard temperature and pressure (STP) a) 

chlorite b) illite c) kaolinite and d) montmorillonite rich samples 

 

The data used to compare maximum adsorption capacity and clay purity for the four clays 

in Figure 17 was extracted at the highest relative pressure of 𝑝 𝑝𝑜⁄ ~0.994, and revealed 
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that kaolinite hosts the highest nitrogen adsorption capacity at STP (74.43 𝑐𝑚3 𝑔⁄ ) 

followed by montmorillonite (65.08 𝑐𝑚3 𝑔⁄ ), chlorite (21.01 𝑐𝑚3 𝑔⁄ ) and least in illite 

(16.59 𝑐𝑚3 𝑔⁄ ). Notably, there is a near linear relationship between the total adsorption 

capacity and the clay purity wt.% (Figure 17). The actual pore structure characterization at 

a temperature of 77.4 K will be discussed in section 4.3.4. 

  

Figure 17  Shows the relationship between maximum adsorption capacity at STP (p/po = 0.995) and clay purity 

 

 BJH pore size distributions (PSDs) 

The Kevin-based N2-BJH technique is reliable in the description of the capillary 

condensation phenomenon in cylindrical pores [249], in order to accurately obtain the 

mesopores’ average sizes and pore distribution. However, the Gurwitch rule assumptions 

of cylindrical and homogeneous pore geometry could limit the model’s reliability. This 

premise is partially correct in this study, as the hysteresis curves confirm the presence of 

cylindrical-shaped pores to some degree depending on the clay types. Furthermore, the 
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BJH pore distribution (PSD) data was verified with observations from the SEM. The 

challenge is accurately computing the pore volume evaluated at 77K across the pore-scales 

ranges.  

 

Figure 18  Shows the BJH pore distribution obtained by inversion of N2 gas adsorption data at 77K. (a) chlorite 

(b) illite (c) kaolinite (d) montmorillonite 

The area under the N2-BJH differential volume distribution (Figure 18) showed that 

mesopores and macropores contribute significantly to the total volume available in studied 

samples. Nevertheless, kaolinite has the highest distribution of large pores, followed by 

montmorillonite and chlorite. Aside from kaolinite-enriched rock, the differential volume 

of other clay samples reaches the peak and starts to decline. This limiting distribution 

means that the 2-50 nm volume capacity available in the materials is well characterized. 

There is a notable contribution of mesopores to the total volume capacity, and the amount 

of pore volume above 50 nm will be large in kaolinite compared to the three samples.  
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Figure 19  Shows the relationship between the clay minerals and pore volumes contribution from macropores, 

mesopores, and micropores in clay-rich samples with a pore size range of 50<d≤300, 2≤d≤50, and 0.4<d≤2 nm 

respectively, evaluated at 77K. 

Figure 19 shows a direct relationship between the cumulative pore volume and clay purity. 

Kaolinite has the highest capacity to host fluid due to the significant mesopores and 

macropores followed by montmorillonite, chlorite and least in illite clay. The volume of 2-

50 nm pores is highest in montmorillonite/kaolinite and least in illite. Kaolinite has the 

largest macropores volume and illite is the least. This observation is also confirmed by the 

Wang 2020 study [75]. Meanwhile, the mesopores volume fraction is the least in kaolinite 

abundant rock.  

Figure 20 showed that the rock containing the highest clay purity has the largest average 

pore size, while the least amount of the element has the least average compartment sizes. 

However, the average pore size computed with the adsorption data will underestimate the 

volume of >50 nm pores present in the layered phyllosilicate structure, since the N2-BJH 

model did not capture wider macropores (only count for 50-300 nm pores sizes). The role 
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of the clay chemical composition on the pore attributes evolution, gas storage, and 

production will be interesting to consider at typical reservoir pressure and temperature 

conditions. 

  

Figure 20  The average pore size connection with clay purity in wt. %. The measurement in this study pore using 

the BJH method considered the distribution of 1.7-300 nm, while the average pore falls within the mesopore-

scale at 77K. 

Ultimately, the type of clay present in shale and their relative elemental concentration 

significantly affect the storage capacity and gas production. Several adsorption 

experiments compute the sorbed and free gas capacity in pure clay or clay-rich shale rocks 

at high pressure [78,80]. However, the capacity of the clay materials to host fluid at high 

pressure has not been connected with their elemental concentration and clay purity. A 

similar pattern is expected with the adsorption of nitrogen at low-pressure STP. The 

limitation of the BJH N2 adsorption model remains that it can only resolve the minimum 

pore size of approximately 1.7 nm, and the nitrogen probe is diffusion restricted in narrow 

micropores (<0.7 nm). CO2 adsorption at 273.15K [75,250] and Harkins and Jura t-plot 
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[251] are commonly employed in the literature for characterizing materials with significant 

micropores.  

 

 Micropores and non-micropores specific surface area 

The relationship between the silicon concentration and specific surface area is provided in 

Figure 21. The specific surface area in non-micropores is referred to as the external SSA 

of the clay. Montmorillonite has the highest value, and chlorite contains the least. This 

trend is similar to the total specific surface area reported in the literature. The high SSA in 

non-micropores of the montmorillonite is coming from the edge and basal-specific surface 

area contributions. However, care must be taken to understand that the total SSA using the 

N2 probe does not access the <2.0 nm interlayer spaces, even in swelling clay minerals like 

montmorillonite and chlorite. Regardless, the SSA of illite and kaolinite are reliable as they 

are non-swelling and their microstructure will be unchanged if the sample is wet [252,253].  

Also, the relatively large volume and specific surface area of micropores in 

montmorillonite as shown in Figure 20 and Figure 21 respectively, are consistent with the 

outcome of Wang’s studies [75]. Finally, in the same vein, the micropores and non-

micropores specific surface areas are in descending order: 

montmorillonite>kaolinite>illite>chlorite clay-rich samples. Finally, the clays purity, 

aluminum and silicon concentration, specific surface area, average pore size, TOC and pore 

volume at all pore-scales are presented in Table 12. 
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Figure 21  Shows the relationship between the micropores and non-micropores specific surface area in clay and 

the amount of silicon present evaluated at 77K. 
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Table 12 Summary of BJH adsorption, BET, and t-plot method for characterizing clay pore volume, average pore size, total surface and external specific surface area 

versus elemental concentration and clay purity. 

Sample ID Clay, 

wt. 

% 

Al., 

wt. % 

Si., 

wt. 

% 

BET BJH adsorption  

(Micropores 1.7-2nm, Mesopores 2-50 nm, Macropores 50-

300 nm, and Total pores 1.7-300 nm) 

Harkins and Jura t-plot 

(Micropores 0.4-2nm) 

𝑆𝑡𝑜𝑡, 

m2/g 

𝑑𝑎𝑣𝑔, 

nm 

𝑉𝑡𝑜𝑡, 

0.01cm3/g 

𝑉𝑚𝑖𝑐 , 

0.01cm3/g 

𝑉𝑚𝑒𝑠, 

0.01cm3/g 

𝑉𝑚𝑎𝑐, 

0.01cm3/g 

𝑆𝑚𝑖𝑐 

m2/g 

𝑆𝑒𝑥𝑡 

m2/g 

𝑉𝑚𝑖𝑐 , 

0.01cm3/g 

Montmori

llonite 

92.1 17.90 63.90 25.80 18.00 9.90 0.98 5.38 4.46 6.19 19.62 0.32 

Kaolinite 97.20 39.50 55.70 18.10 24.50 11.50 0.03 5.29 6.22 2.35 15.80 0.11 

Illite 58.90 14.70 55.50 18.50 7.30 2.60 0.11 1.84 0.68 4.43 14.04 0.23 

Chlorite 94.00 23.00 42.10 7.70 17.20 3.30 0.04 1.98 1.25 1.40 6.28 0.07 
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4.4    Implications of using aluminum and silica-rich clay 

Table 12 showed a direct association between the aluminum content and clay purity. 

Kaolinite clay has the highest aluminum concentration of 39.5 wt.% compared to chlorite, 

montmorillonite and illite with 23.0, 17.9 and 14.7 wt.% respectively. Figures 17, 19, and 

20 revealed the connection between the clay wt.% and its pore structural attributes such as 

the total pore volume, non-micropore volume and average pore sizes respectively. A 

combined analysis of all the stated figures suggests that the capacity of clay to host fluids 

is enhanced by the concentration of aluminum present in the clay. This information is 

suitable for a meaningful understanding of the storage capacity of clay-rich shale plays 

depending on the clay types. 

Additionally, the presence of aluminum in a material could cause an acceleration of surface 

reactivity [254] and serve as a reactant in the treatment of contaminants in polluted areas 

[255,256]. Fatimah and Wijaya [254] study substantiated that the increase in the quantity 

of aluminum in montmorillonite clay speeds up the surface acidity reaction. Furthermore, 

Yang et al. [255] and Wang et al. [256] confirmed that an aluminum modified clay is 

applicable for phosphate and contaminant removal in polluted areas in the absence of air.  

At this point, it is clear from this research that kaolinite-rich clay (with the highest 

aluminum concentration of 39.5 wt.%) has the potential to act as a good catalytic material 

required to speed up esterification reaction. In addition, it can serve as a waste repository 

and a material for the treatment of phosphorus-containing contaminants in polluted areas.  

The relationship between silicon content and clay structural properties was also studied. 

Montmorillonite (63.9 wt.%) has the highest amount of silicon followed by illite (55.5 
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wt.%), kaolinite (53.7 wt.%), and chlorite (42.05 wt.%) in this order. The increase in this 

crystal-like mineral favors the development of the specific surface area in the non-

micropores. Studies have shown the significance of silicon in clay research [257,258]. 

Depending on the clay type, the presence of silica in clay can reduce the repulsive double-

layer forces and, at the same time improve the attractive force between the replaced 

interlayer cation and clay surface. This phenomenon increases stabilization and reduces 

pore throat plugging in clay-rich shale [257]. Sadek [258] has also supported the 

observation that silica nanoparticles prepared at 200oC contain macropores structure. 

However, these studies considered the use of silicon in pure form. Silicon in clay exists as 

an impure form. The existence of silica in sandstone increases the volume of macropores 

attributed to the high porosity in silicate-rich rocks [54]. In addition to the role of surface 

charge density on the clay-specific surface area [259], the concentration by wt.% of silica 

in clay was one of the surface area controlling factors. This research confirms that 

montmorillonite with the largest specific surface area in non-micropores and silicon 

content of 63.9 wt.% promotes reactivity and cation exchange interaction. However, this 

property of high basal spacing will prompt clay swelling in the presence of water [260]. 

 

4.5  Conclusions 

In this research, four clay-rich rocks samples were characterized using an integrated 

approach to understand the relationship between aluminum, silicon concentration, clay 

purity and the intra-granular pore structural parameters. The combination of techniques 

such as µXRF, XRD, SEM-EDX, and low-temperature adsorption analyses showed some 
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interesting relationship between their mineral’s composition, specific surface area, pore 

distribution and volume. Furthermore, the following conclusions are drawn: 

1. The results from mineralogy and elemental analyses showed that the studied 

samples with clay purities of 60-98% have a combined 80-96 wt.% composition of 

aluminum, silicon, and Iron. SEM backscattered electron image confirms the 

degree of sample clay homogeneity. Similarly, the SEM-EDS images validate the 

elemental analysis by µXRF.   

2. Both the total organic content analysis and adsorption-desorption curve at  𝑝 𝑝𝑜⁄ <

0.04, indicate that clays accommodate negligible micropores. 

3. The inferred adsorption isotherm types hint that the materials contain a negligible 

amount of micropores and may be undergoing some pore-blocking phenomenon. 

Meanwhile, the hysteresis loop implies that clay has a plate-like/larger pore system. 

This observation is consistent in all the analyzed samples. Nevertheless, the pore 

shape complexity depends on the clay type.  

4. Capillary condensation and evaporation curves revealed more mesopores and 

macropores of 2-50 nm and >50 nm, respectively. The pore distribution plateaued 

around an average of 100 nm. The limiting distribution confirmed the suitability of 

the Barrett-Joyner-Halenda technique to compute most of the fluid volume 

contained in clay mesopores.  

5. Kaolinite (74.43 𝑐𝑚3 𝑔⁄ ) hosts the highest amount of N2 adsorbed at STP followed 

by montmorillonite (65.08 𝑐𝑚3 𝑔⁄ ), chlorite (21.01 𝑐𝑚3 𝑔⁄ ) and illite 

(16.59 𝑐𝑚3 𝑔⁄ ) has the least capacity. In the same vein, the pore capacity to store 
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fluid and average pore size assessed at 77.4 K follow a similar pattern and increase 

with aluminum and clay contents.  

6. On the other hand, the specific surface area of the non-micropores is directly related 

to silicon composition. Montmorillonite with the largest specific surface area in 

non-micropores has a silicon content of 63.9 wt.%. 

7. The novelty of linking elemental composition and intra-granular pore attributes in 

this study can be utilized to develop synthetic clay materials with improved surface 

and pore volume properties for waste treatment and catalyst for accelerating 

chemical reactions. The study also confirmed that clay-rich shale can be said to host 

multiple mesopores and macropores for gas storage from the inorganic clay mineral 

phase. 
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5 CHAPTER 5 

THE IMPACT OF PORE STRUCTURE AND 

ADSORPTION BEHAVIOR ON KEROGEN 

TORTUOSITY2  

Abstract 

 

Diffusion tortuosity is an important microstructural parameter for computing effective gas 

transport coefficients in porous media. In this study, a realistic kerogen structure was built 

to quantitatively establish a clear understanding of the adsorption impact on diffusion 

tortuosity in the organic materials of shale. A molecular simulation study was employed to 

reconstruct a Type II-D kerogen model on a computational platform. A structure of five 

kerogen macromolecules was obtained through a series of NVT – NPT ensembles. There 

was a thorough characterization of the porosity and pore size distribution of the final 

structure. A grand canonical Monte Carlo method was used to compute the adsorption of 

methane for a pressure range up to 40 MPa. Freundlich and Langmuir models were 

employed to further parameterize the adsorption capacity. A molecular dynamics diffusion 

                                                 

 

 

2 This chapter is copied from the manuscript: C Afagwu, S Al-Afnan, S Patil, J Aljaberi, MA Mahmoud, J 

Li (2021). The impact of pore structure and adsorption behavior on kerogen tortuosity. Fuel 303, 121261.  
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study was performed on the kerogen-adsorbed molecule configurations to obtain the 

effective diffusion, which was then used to estimate the tortuosity. Methane molecules 

follow tortuous pathways of diffusion, imposed by the heterogeneity and confinement of 

kerogen. The tortuosity is further impacted by the adsorption effect. Kerogen-methane 

interactions increase this tortuosity by a factor as high as 3.6 compared to an adsorption-

corrected tortuosity. 

Keywords: Kerogen micropores, Effective methane diffusion, Molecular simulation, 

Diffusion tortuosity, Adsorption 

5.1 Introduction 

The importance of tortuosity as a critical microstructure parameter to predict effective mass 

transport properties in porous media cannot be overemphasized. In organic-rich shale for 

instance, kerogen surface and pore diffusion will be significant, mainly in micropores and 

at low pressure. So far, some researchers have computed the diffusion tortuosity in porous 

media [147,261–263]. To the best of our knowledge, the study of realistic kerogen structure 

tortuosity and the impact of adsorption on methane diffusion is lacking. More importantly, 

the traditional approach of calculating diffusion tortuosity will require some modification 

to account for the adsorption behavior due to the chemical composition of the organic 

matter and the confined gas. Thus, giving rise to the molecular study of the impact of pore 

structure and adsorption phenomena on the real kerogen tortuosity, by combining MD 

simulation and grand canonical Monte Carlo (GCMC) methods. The kerogen type II-D 

structure was constructed by following similar approach as recommended by Philippe 

Ungerer [103], and using an extended version of the polymer consistent force field 

(PCFF+). The remainder of this research is organized as follows: the commonly employed 
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Knudsen number dependent pore diffusion model for unrestricted gas transport, coupled 

with some diffusion tortuosity model has been reviewed in chapter 2. In section 5.2, the 

details of the method adopted for this work, coupled with the MD protocols, molecular 

simulation and adsorption calculations, and necessary input parameters are outlined. 

Consequently, adsorption, self-diffusivity and diffusion tortuosity results are presented in 

section 5.3. Finally, a kerogen – crack system transport is used to delineate the microscopic 

diffusion/adsorption influence at a larger macroscopic permeability framework and 

conclusion to the study is provided in section 5.4. 

5.2 Methodology 

A systematic approach was adopted to investigate the impact of adsorbed gas film 

accumulating at a wall surface on the tortuosity of a kerogen structures’ gas diffusion. The 

computational workflow is summarized in Figure 22. The framework shows a progression 

of steps followed from the atomic scale (i.e. consistent with the approach adopted by Wang 

et al. [264]). 

 

Figure 22  Computational models at different scales that were followed to study diffusion tortuosity. 
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 Construction of the kerogen structure 

A representative kerogen nano-porous structure for the diffusion-adsorption calculations 

was created through the molecular protocol depicted in Figure 23. The MD simulations 

are performed with the large-scale atomic/molecular massively parallel simulator 

(LAMMPS) and the MedeA environment, [265] and the GCMC calculations are calculated 

with GIBBS code [71] as integrated in the MedeA environment, [72]. First, a kerogen Type 

II-D macromolecule unit was reconstructed, as derived by Ungerer et al. [103] (Figure 24). 

The molecular weight of a Type II-D kerogen molecule is 2.466 𝑘𝑔/𝑚𝑜𝑙, with a chemical 

formula of C175H102O9N4S2. The PCFF+ force field [73,74] is utilized in the simulation, 

whereby the Lennard-Jones (LJ) 9-6 model with the Waldman and Hagler mixing rules 

[150] describes the atomic-atomic van der Waals interaction forces among the 292 atoms 

of carbon, hydrogen, oxygen, nitrogen, and sulfur present in the kerogen molecule. A cutoff 

of 9.5 Å is used in evaluating explicit LJ and Coulombic interactions between assigned 

atomic charges, which was already successfully applied in various MD simulations with 

kerogen models [51,59]. Long distance corrections are used to estimate LJ energy beyond 

the cutoff, [75,76] and the particle-particle-particle mesh (PPPM) method [70] and the 

Ewald summation [76] are used in the MD simulations with LAMMPS and the MC 

simulations with GIBBS.  

Thereafter, a configuration of the initial structure was built as an ensemble of five kerogen 

macromolecules in a cubic simulation box. At initialization, the density of the OM was 

0.2 𝑔/𝑐𝑐. To create the final structure, a MD simulation within the canonical (NVT) 

ensemble is performed (temperature, number of atoms, and volume are kept constant) at T 
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= 900 𝐾 and for t = 250 picoseconds (𝑝𝑠), followed by a series of MD simulations within 

the isobaric-isothermal (NPT) ensemble (temperature, number of atoms, and pressure are 

kept constant). The pressure in all the NPT MD simulations is set to 20 MPa, whereby the 

temperature is reduced in the sequence 900 K, 700 K, 500 K, to 350 K. A Nosé–Hoover 

barostat and thermostat [266] is utilized in the MD simulation runs to control the pressure 

and temperature, respectively. The real time that is captured in the NPT-MD simulations 

are 200 𝑝𝑠, 200 𝑝𝑠, 400 𝑝𝑠, and 400 𝑝𝑠. In all MD simulations, the time step to evolve the 

equations of motions is 1.0 femtosecond (𝑓𝑠). At the final pressure and temperature 

conditions, the density was calculated to be around 1.3 g/cm3 , and it closely agreed with 

the experimental values of 1.3-1.4 g/cm3 reported for type-IID kerogen obtained from 

Kimmeridge clay formation [103,235]. Most times, another critical question is the degree 

of representation of few condensed kerogen macromolecules for molecular studies. There 

is a trade-off for researchers between degree of representation and computational cost 

involved. More light will be shed on how both key criteria were managed in section 5.2.2. 

 

Figure 23  LAMMPS protocol workflow for constructing the final kerogen structure. 
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Figure 24  Kerogen Type II-D structure: (a) single cell with chemical formula C175H102O9N4S2 [53], (b) five 

condensed and configured units, and (c) distribution of the rigid skeleton with non-overlapping spheres of 

random sizes represented in different colors. 

 

 Representative elementary volume 

The number of kerogen macromolecule units selected determines the volume of the final 

kerogen structure. A sensitivity analysis was carried out to check if the assumed five units 

formed a meaningful representative elementary volume (REV). The molecular 

construction protocol described in Figure 23 was used with an increasing number of 

macromolecules, beginning with two units. In each case, the density and volume of the 

final structure were obtained. Figure 25 shows a convergence of density to a value of 

1.3 𝑔 𝑐𝑚3⁄ , with a kerogen size of 16 𝑛𝑚3 (corresponding to the four-kerogen 

macromolecule units) and above.  

Although five kerogen units was deemed sufficient for this study based on this analysis, 

this does not suggest that it is completely representative of kerogen bulk for practical 

purposes. In addition, it is noteworthy that a representative volume obtained from 

simulation is sensitive to kerogen maturity and kerogen molecules of different sizes [144]. 

Generally, more kerogen macromolecules in the simulation box will improve the reliability 

of the MD results. However, there is a trade-off between computational cost and degree of 
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representation. Ungerer et al. [103] procedure was applied to create a condensed kerogen 

and the density obtained matched the experimental values reported for type IID kerogen 

from Kimmeridge clay formation [235]. To create a structure with a void ratio sufficient to 

host methane, the same procedure was repeated with 25 ‘director’ molecules (i.e., heptane) 

inserted during the initialization phase and then removed upon convergence to the final 

assigned pressure and temperature. The details for making porosity-controlled structure 

required for the adsorption and diffusion studies will be explained in the coming sub-

section.   

  

Figure 25  REV analysis for Type II-D kerogen at 20 MPa and 350 K, showing a density convergence to 1.3 

g/cm3 for the final structure’s volume of 16 nm3; a volume corresponding to four kerogen macromolecule units. 
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 Characterization of the porous media structure 

The analysis of the petrophysical characteristics of the created kerogen structure (e.g., 

porosity, pore size distribution) was performed with combined helium gas adsorption and 

non-overlapping sphere insertion methods. Inert gases are non-adsorbing, however, not 

only does adsorption occur due to the chemical composition of the gas but because of pore 

space confinement [111,135]. The porosity of the final kerogen structure, upon removal of 

25 ‘director’ units, was computed to be 29%, using a helium adsorption calculation 

approach (computational pycnometry) [88,267]:  

𝜙 =
𝑉𝑝𝑜𝑟𝑒

𝑉𝑏𝑢𝑙𝑘
=

𝑁𝑡𝑜𝑡𝑎𝑙,𝐻𝑒 − 𝑛𝑒𝑥𝑐𝑒𝑠𝑠,𝐻𝑒
𝜌𝐻𝑒,𝑏

𝐿𝑥. 𝐿𝑦. 𝐿𝑧
(5.1)

 

where 𝑉𝑝𝑜𝑟𝑒 and 𝑉𝑏𝑢𝑙𝑘 are the volumes of the pore and total kerogen box model, 

respectively(𝑚3); 𝐿𝑥, 𝐿𝑦, and 𝐿𝑧 are the lattice dimensions in the x, y, and z directions, 

respectively (m); 𝑛𝑒𝑥𝑐𝑒𝑠𝑠,𝐻𝑒 and  𝑁𝑡𝑜𝑡𝑎𝑙,𝐻𝑒 are the number of excess and total adsorbed 

molecules of helium, respectively (mole); and 𝜌𝐻𝑒,𝑏 is the bulk density of the helium 

(𝑚𝑜𝑙 𝑚3⁄ ). Under the assumption of zero excess molecules at low pressure and at such a 

degree of confinement, the above equation could be used to estimate the porosity. 

Pore size distribution (PSD) governs the transport of fluid in porous media. Therefore, an 

understanding of the pore arrangement in kerogen is required for an accurate 

characterization of gas diffusion through a kerogen body. Same approach proposed by 

Bhattacharya and Gubbins [150,268], was utilized to extract the PSD. The algorithm 

involves placing non-overlapping spheres at the vertices of a polyhedral, followed by a 

random distribution of points within the structure [269]. A point is randomly picked as the 
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sphere center and the radius of the biggest sphere 𝑟𝑠 that does not overlap with the solid is 

calculated; it must satisfy the relation, as follows [150]: 

𝑟𝑖𝑗 ≥
𝜎𝑖
2
+ 𝑟𝑠 , (5.2)  

here, 𝑟𝑖𝑗 is the distance between the sphere center and nearest solid (m), 𝜎𝑖 is the LJ 

diameter of the nearest particle, and 𝑟𝑠 is an admissible sphere radius, from which the radius 

of the biggest sphere can be obtained as a sample at the random point selected. Upon 

repeating the procedure for pre-defined cycles, the PSD is normalized as follows: 

∫ P(𝑟𝑠)𝑑𝑟𝑠 = 1
+∞

0

  (5.3) 

The total pore volume available to host methane in the confined structure, determined from 

the helium gas adsorption was validated by the sphere insertion method [150,268]. The 

pore volume, pore size distribution, and average pore size (𝑟̅) were determined. 

Consequently, the porosity matched closely the helium measurement at around 30%. The 

procedure creating the final kerogen structure was repeated five times starting from 

independent initial configurations to assure the reliability and reproducibility of the 

approach. For each arrangement, the density, largest, average, and smallest pores of each 

structure are summarized in Table 13. 

Table 13 Pore size distribution statistics of five independent configurations 

Configuration Pore 

radius, 

Pore 

radius, max 

(10−9m) 

Pore 

radius, avg 

(10−9m) 

Structure 

Density, 

(kg/m3) 
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min 

(10−9m) 

1 0.219 0.530 0.305 979 

2 0.208 0.650 0.275 1014 

3 0.200 0.648 0.288 1000 

4 0.202 0.766 0.279 984 

5 0.203 0.618 0.286 978 

Statistics  

Standard dev. 0.0068 0.0756 0.0103 0.0139 

Coef. of variation (%) 3.27% 11.77% 3.59% 1.40% 

The re-computed density of the structure averaged within 1000 kg/m3 with a lattice 

dimension of around (27 Å x 27 Å x 27 Å) for all of them. Similarly, the average pore sizes 

of the five configurations are consistently within 0.3 nm radius. Post-construction of 

kerogen structure, the calculations of fugacity and LJ interactions energy, required for 

GCMC simulations, are discussed in the next section. 

 GCMC adsorption calculations 

GCMC was utilized to estimate the adsorbed molecules in the system. The fixed parameters 

(i.e., as input) in the GCMC ensemble were the volume and temperature and chemical 
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potential of the adsorbed molecules [270]. The chemical potential for methane was 

estimated as follows [86]:  

𝜇𝑖 = 𝜇𝑖𝑜 + 𝑅𝑇𝑙𝑛 (
𝑓𝑖
𝑣

𝑓𝑖𝑜
) , (5.4) 

where 𝑖 represents methane; 𝜇𝑖 and 𝑓𝑖
𝑣 are the chemical potential (𝐽 𝑚𝑜𝑙𝑒⁄ ) and fugacity 

(𝑃𝑎) for methane in vapor phase, respectively; and 𝑓𝑖
𝑣 = 𝑦𝑖𝑝𝜑̂𝑖 is the fugacity of methane 

in the vapor phase (𝑃𝑎), 𝜑̂𝑖 is fugacity coefficient of real methane gas, 𝑓𝑖𝑜 = 𝑝𝜑̂𝑖𝑜, is 

fugacity of ideal gas, and 𝜑̂𝑖𝑜 = 1, is the fugacity coefficient of an ideal gas. The Peng-

Robinson equation of state model was employed to calculate the fugacity coefficient [76]. 

Fugacity of a real gas is the effective partial pressure, which corrects for the non-ideality 

of the gas molecules as operating condition changes. Besides, the fugacity of methane 

utilized as an input parameter to the GCMC model is presented in Table 14.  

Table 14 Fugacity of methane gas at 350 K 

Pressure (MPa) 2.067 3.445 6.890 10.335 20.670 31.010 41.340 

Fugacity 

(MPa) 

2.028 3.340 6.494 9.503 18.056 26.958 35.842 

The PCFF+ force field (FF) was not only utilized to parameterize the kerogen atoms, but 

also the methane gas and ‘director’ heptane molecules. In other words, the LJ 9-6 potential 

is employed in GCMC simulations to describe the interactions between the different atoms 

types in the modified kerogen structure and methane gas, and the model is as follows 

[271,272]: 
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                                      𝐸𝐿𝐽 = 𝜀 [2 (
𝜎

𝑟𝑖𝑗
)
9

− 3(
𝜎

𝑟𝑖𝑗
)
6

] +
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
,                              (5.5)          

here, 𝐸𝐿𝐽 is potential energy due to Leonard Jones interaction forces between like and 

unlike atoms (𝐽𝑜𝑢𝑙𝑒𝑠). 𝑟𝑖𝑗 is the distance between atoms 𝑖 and 𝑗 (m), 𝜎 is distance at which 

the interaction potential between the two force centers is zero (m), 𝜀 is the depth or 

maximum amplitude of the potential well (𝐽𝑜𝑢𝑙𝑒𝑠), 𝑞𝑖 and 𝑞𝑗 are charges of atoms 𝑖 and 𝑗 

respectively, 𝜀0 is dielectric constant, subscript 𝑖 and 𝑗 are different atoms types in modified 

kerogen structure and methane gas respectively. It is noteworthy that the Lennard-Jones 

parameters, 𝜎 and 𝜀 are given for a force center of the same type in the PCFF+ force field 

in Tables 15 and 16 for methane and modified kerogen structure respectively. Nonetheless, 

the Waldman and Hagler combining rules is utilized to compute LJ parameters between 

unlike atoms of type 𝑖 and 𝑗, and is as follows [273]: 

                𝜎 = (
(𝜎𝑖)

6 + (𝜎𝑗)
6

2
)

1 6⁄

;         𝜀 = 2√𝜀𝑖𝜀𝑗 (
(𝜎𝑖)

3(𝜎𝑗)
3

(𝜎𝑖)6 + (𝜎𝑗)
6)                           (5.6)  

The methane gas force field types of atoms of carbon and hydrogen present, in addition to 

their partial charges, is available in Table 15.  



103 

 

Table 15 Methane atom types, description, LJ parameters and charges 

Elements Atom 

type (s) 

Description σ, (Å) ɛ, 

(kcal/mol) 

q, (e) 

Carbon, C c Generic SP3 carbon 4.014 0.0667 -0.212 

Hydrogen

, H 

hc Hydrogen bonded to 

carbon 

2.878 0.023 0.053 

where, 1e = 1.602 × 10−19 coulomb and 1 kcal/mol = 4184 J/mol 

 

Similarly, the types and description of atoms of kerogen and ‘director’ heptane molecules 

that constitute the modified kerogen structure is summarized in Table 16.  
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Table 16 Parameterized atom types of carbon, hydrogen, nitrogen, oxygen and nitrogen and LJ parameters in 

the modified kerogen structure using PCFF+ fitting method 

Kerogen IID 

Elements 

Atom type 

(s) 

Description 

σ, 

(Å) 

ɛ, 

(kcal/mol) 

Carbon, C c1 Sp3 carbon with 1 H 3 heavies 3.75 0.035 

  c1oe 

Alpha carbon in ether containing 

secondary alkyl group 

3.77 0.027 

  c2 Sp3 carbon with 2 H’s, 2 Heavy’s 3.76 0.063 

  c2oe 

Alpha carbon in ether containing 

primary alkyl group, -C-OCH2-R 

3.63 0.067 

  c5 

Sp2 aromatic carbon in five 

membered rings 

3.75 0.041 

  cp Sp2 aromatic carbon 3.92 0.067 

  nb Sp2 nitrogen in aromatic amines 3.89 0.092 

  cpc 

Alpha/ipso carbon in aromatic 

ethers -C-O-C 

3.91 0.057 

Hydrogen, 

H 

hc Hydrogen bonded to carbon 2.88 0.023 

hn Hydrogen bonded to nitrogen 1.09 0.008 

Oxygen oc Sp3 oxygen in ether or acetals 3.30 0.120 

Nitrogen 

np 

Sp2 nitrogen in 5- or 6- membered 

ring 

3.58 0.046 

nb Sp2 nitrogen in aromatic amines 3.89 0.092 
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cp Sp2 aromatic carbon 3.92 0.067 

Sulphur sp 

Sulfur in an aromatic ring (e.g. 

thiophene) 

4.07 0.302 

'Director' molecule, Heptane 

Carbon, C 

c2 Sp3 carbon with 2 H’s, 2 Heavy’s 3.76 0.063 

c3 Sp3 carbon with 3 hHs 1 heavy 3.88 0.071 

Hydrogen, 

H 

hc Hydrogen bonded to carbon 2.88 0.023 

 

 Some important calculations are necessary to express the direct output from the GCMC 

simulator to some meaningful macroscopic adsorption parameters are presented in the next 

section. 

The output from the GCMC simulations is the Gibbs’ number of loaded gas molecules 𝑁𝑎𝑚 

in the structure at some certain pressure and temperature [86,88]. The dimensionless output 

is expressed in moles as 𝑁𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑎𝑚 𝑁𝐴⁄  [274]. The excess adsorption is obtained by 

subtracting the  total free gas present in the pore from the total loading capacity of kerogen 

as follows [6,76,88]: 

𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑁𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑏𝑢𝑙𝑘𝑉𝑝𝑜𝑟𝑒 , (5.7) 

where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 is excess adsorbed amount of methane (𝑚𝑜𝑙). To validate the computed 

excess amount of adsorbed, Eq. (5.7) is re-written in terms of the amount of excess gas 

adsorbed per unit mass of a condensed kerogen, 𝑛̂𝑒𝑥𝑐𝑒𝑠𝑠 (𝑚𝑜𝑙 𝑘𝑔⁄ ) as follows [17,19,275]: 
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𝑛̂𝑒𝑥𝑐𝑒𝑠𝑠 = (𝑁𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑏𝑢𝑙𝑘𝑉𝑝𝑜𝑟𝑒) 𝑚𝑘𝑒𝑟⁄ , (5.8) 

where 𝑚𝑘𝑒𝑟 is the mass of kerogen (𝑘𝑔). Similarly, the total amount of loaded methane at 

each simulation pressure was expressed in terms of the adsorbed methane density as 

follows [276]: 

                                                      𝜌𝑎𝑑𝑠 =
𝑁𝑡𝑜𝑡𝑎𝑙𝑀

𝑉𝑝𝑜𝑟𝑒
,                              (5.9)       

To determine the adsorption mechanism in kerogen, a comparison between the 

predictability of  Langmuir [277] and Freundlich [278] isotherms are established; both 

isotherms were based mainly on chemical and physical adsorption principles respectively. 

The procedure detailed by Tian et al. [88] was adopted to compute the adsorbed gas volume 

and density by parameterizing the Monte Carlo simulation results with the three-parameter 

Langmuir and Freundlich isotherms. The Langmuir model, extensively applied to 

parameterize the adsorption for pressures up to 30 MPa (4,351 psi), was employed to 

determine adsorbed phase properties in this study is as follows [88]:  

𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛𝐿
𝑝

𝑝𝐿 + 𝑝
− 𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇)𝑉𝑎𝑑𝑠. (5.10) 

where, 𝑉𝑎𝑑𝑠 (𝑚
3), 𝑛𝐿 (𝑚𝑜𝑙), and 𝑝𝐿 (𝑃𝑎) are adsorbed phase volume, maximum adsorbed 

capacity for the adsorbent, and corresponding Langmuir pressure respectively. Similarly, 

the Freundlich three-parameter empirical model was employed as follows [88]: 

                                                𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑘𝑓𝑝
𝛼𝑓 − 𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇)𝑉𝑎𝑑𝑠,                               (5.11) 
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where 𝑘𝑓(𝑚𝑜𝑙) and 𝛼𝑓 are Freundlich empirical constants. Consequently, the absolute 

adsorption capacity, 𝑛 (𝑚𝑜𝑙) was determined, once 𝑉𝑎𝑑𝑠 is determined from Eqs. (5.10) 

and (5.11) [76,88,279]: 

                                                    𝑛 = 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 + 𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇)𝑉𝑎𝑑𝑠,                                        (5.12)  

Finally, the adsorbed gas density is evaluated by utilizing the adsorbed gas volume and 

absolute adsorption capacity [88] obtained from both isotherms. They were compared 

against the simulation results. 

 MD self-diffusion calculations  

Methane self-diffusion in the kerogen structure was investigated in the present research 

using molecular dynamics simulations. The self-diffusivity coefficient was extracted as the 

entrapped methane molecules in the kerogen reached Brownian motion [264]. In the 

simulation process, gas atoms changed positions and momenta when energized according 

to Newtonian equations of motion [264]. Effective diffusion in the kerogen matrix was 

primarily self-diffusion with a negligible cross-interaction coefficient, due to the small cell 

sizes [4, 11, 42]. The self-diffusion coefficient 𝐷𝑑,𝑒𝑓𝑓 along direction 𝑑 = 𝑥, 𝑦, 𝑧 was 

computed with the Einstein relationship between 𝐷𝑑,𝑒𝑓𝑓 and the mean square displacement 

(MSD) of the molecules, as follows [6,17,135,150,280]: 

                                            𝐷𝑑,𝑒𝑓𝑓 = 𝑙𝑖𝑚
𝑡→∞

〈|𝑟𝑑(𝑡) − 𝑟𝑑(0)|2〉

2𝑡
,                                             (5.13) 

where, 〈|𝑟𝑑(𝑡) − 𝑟𝑑(0)|2〉 is mean-squared displacement (MSD) at time t in d-direction 

relative to initial coordinate (m2),  𝑟𝑑(𝑡) and 𝑟𝑑(0) are positions at time t in a given 
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direction and initial position respectively.  The arithmetic average of diffusion coefficient 

in three dimension gives the methane diffusion coefficient 𝐷𝑒𝑓𝑓, as follows: 

                                            𝐷𝑒𝑓𝑓 =
𝐷𝑥,𝑒𝑓𝑓 + 𝐷𝑦,𝑒𝑓𝑓 + 𝐷𝑧,𝑒𝑓𝑓

3
,                                        (5.14)  

𝐷𝑥,𝑒𝑓𝑓, 𝐷𝑦,𝑒𝑓𝑓, and 𝐷𝑧,𝑒𝑓𝑓 are the effective diffusivity coefficients in the x, y, and z 

directions, respectively. Technically, self-diffusivity is the slope of the mean MSD linearity 

over a time interval [264]. Prior to the computation of 𝐷𝑒𝑓𝑓, the presence of Brownian 

diffusion is confirmed by checking for linearity and a unit gradient through a plot of 

log10(𝑀𝑆𝐷) versus log10(𝑡). In the present research, the effective diffusion coefficient 

was computed for the kerogen structures loaded with methane molecules based on the 

sorption calculations (ranging from 2.07 MPa up to 41.37 MPa) to investigate the impact 

of sorption on diffusion. For each sorption case, the tortuosity was calculated as the square 

root of the ratio of the equivalent diffusivity coefficient to the calculated self-diffusivity, 

using Eq. (5.15). The range of Knudsen numbers of the system was evaluated, and based 

on the classification by Sheng  et al. [105], the transition diffusion coefficient was 

employed to compute the equivalent diffusion coefficient. The list of some recognized 

equations to describe gas diffusion within the transition diffusion regime was shown in 

Table 5 (chapter 2). The widely known Bosanquet approximation was re-written (Eq. 

5.16) as a harmonic average of Fick and Knudsen diffusion coefficients. Furthermore, the 

tortuosity factor model in Eq. (5.17) reflects the impact of two barriers: the tortuous 

pathways of the pore structure and the adsorption effect.  

  𝜏𝑑
2 =

Dtransition
Deff

 
                                                      (5.15) 
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Dtransition =
1

1
𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛

+
1

𝐷𝐹𝑖𝑐𝑘

 
(5.16) 

 

In other words, the tortuosity imposed by the kerogen structure was isolated by correcting 

for the adsorption effect by introducing (β +1) [34, 40, 54]. 

  𝜏′𝑑
2 =

Dtransition
(β + 1)𝐷𝑒𝑓𝑓

 
(5.17) 

 Physical properties of kerogen 

The properties of the kerogen structure determined from the molecular simulation, as input 

parameters for adsorption and diffusion studies are summarized in Table 17.  

Table 17 Molecular studies input parameters 

Properties Value 

Volume of cubic simulation box, Vtotal (10
−27m3) 19.32 

Molecular weight of kerogen type, Mker, (kg mol⁄ ) 2.47 

Number of kerogen macromolecule units 5 

Avogadro’s number, 𝑁𝐴, (1023/mol) 6.023 

Mass of kerogen matrix, mker,  (10
−23kg) 2.05 

Density of condensed kerogen, ρker, (kg m3⁄ ) 1,000 

Molecular diameter of methane, dmol, (10
−9m) 0.38 
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Average pore radius, 𝑟̅, (10−9m) 0.3 

Pore Volume, 𝑉𝑝𝑜𝑟𝑒 (10−27m3) 5.60 

Porosity of condensed structure, ϕ (dimensionless) 29% 

Molar mass of methane gas (10−3kg) 16 

Universal gas constant, R, ((J K.mol⁄ ) 8.314 

Equilibrium temperature, T (K) 350 

 

5.3 Results and discussion 

 Adsorption 

A parameterization of the excess GCMC sorption data was needed to explore the kerogen 

adsorption behavior. The outcome was compared with what was obtained by the Langmuir 

and Freundlich isotherms. Prior to this analysis, NIST-miniREFPROP experimental 

database software [149] was employed to evaluate the density of methane in bulk phase, 

and its performance was compared against other routinely applied models. Figure 26 

shows a great deal of agreement among various databases of methane density as a function 

of pressure, and the dataset is available as Table S1 in the supplementary materials. 
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Figure 26  Bulk density validation of methane at a temperature of 350 K. 

 

The chemical energy potential that was computed using LJ 9-6 is given in Figure 27. The 

potential energy is positively correlated to the pressure loading of gas molecules in the 

confined pore, which validates the observed adsorption behavior with pressure. The total 

amount of loaded gas molecules from GCMC simulation, recorded at each equilibrium 

pressure, coupled with the input parameters in Table 17 is useful to assess the adsorption 

capacity of kerogen structure. Thus, the confidence in the results was improved by 

comparing with existing knowledge. Several researchers have parameterized the excess 

adsorption by utilizing the total methane loading from Monte Carlo simulation. Figure 28 

shows that the excess gas adsorbed in kerogen does not only vary with temperature and 

pressure, but also with kerogen maturity and origin [17,19,29,76,275] . 
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Figure 27  Potential energy of kerogen structure at different sorption states showing an increase in the attraction 

forces as the number of methane molecules decreases at low pressure. 

Furthermore, the excess adsorbed amount from the Monte Carlo simulations that was 

parameterized with the Langmuir and Freundlich three-parameter isotherm is shown in 

Figure 29. Fitting the adsorption data using the Langmuir isotherm revealed an adequate 

level of decency up to 40 MPa in pressure; interestingly, other researchers [88,275,276] 

obtained similar trends. Conversely, the Freundlich isotherm’s predictability was accurate 

up to a saturation pressure of 10 MPa, but it deviated with additional fitting errors above 

this pressure. Table 18 summarizes the fitted model results for both isotherms, including 

the root mean square error (RMSE) and R-squared values.  
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Figure 28  Validation of the GCMC-computed excess adsorption amount with experimental and simulation data 

obtained from the literature. 

 

Table 18 Langmuir and Freundlich adsorption parameters of kerogen type II-D - methane at 350 K 

Langmuir Freundlich 

𝑛𝐿(10−23mol) 9.4705 𝑘𝑓(10
−26𝑚𝑜𝑙) 8.9624 

𝑝𝐿 (MPa) 2.02 𝛼 0.4428 

𝑉𝑎𝑑𝑠 (10
−27𝑚3) 4.2743 𝑉𝑎𝑑𝑠 (10

−27𝑚3) 13.385 

R-squared 0.9978 R-squared 0.9890 

RMSE 0.0225 RMSE 0.0503 

Although the Freundlich model accounted for the physisorbed gas molecules in addition to 

the chemisorbed molecules (unlike the monolayer Langmuir model), the volume of 

adsorbed gas was overestimated and unrealistically more than the pore volume. In addition 

to the adsorbed gas, there was free gas present in the adsorbed gas phase [86,88]; thus, the 
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absolute adsorption capacity, which is the sum of the free and excess gas available in the 

adsorbed gas phase, was estimated using Eq. (5.12).  

  

Figure 29  GCMC simulation and fitted isotherms for Type II-D kerogen at 350 K: a) Langmuir and b) 

Freundlich models. 

 

The excess gas stored in the adsorbed phase increased steadily until it reached a saturation 

condition. Then, it began to decrease slowly above that pressure state. In general, as 

predicted by the Langmuir model, absolute gas stored in the sorbed phase increases steadily 

up to a maximum pressure, after which it reaches a plateau. The Freundlich isotherm’s 

fitting results did not match the molecular simulation data.  

The adsorption correction factor (β +1) for the diffusion tortuosity was evaluated using Eq. 

(2.3) (chapter 2). Langmuir and Freundlich isotherms were used to approximate the sorbed 

phase density required to obtain β. The results were compared to what was obtained using 

the actual adsorption data from the GCMC simulation (Figure 30). Figure 30 shows that a 

single model may not be sufficient to provide information regarding the adsorption 

properties of kerogen. A combination of isotherms is needed to manage the uncertainty 



115 

 

better considering the lower and upper bounds. In this case, since the Langmuir trend 

predicts the adsorption factor with a relatively better precision than Freundlich, this may 

suggest that methane adsorption in kerogen porous structure is mainly of chemical rather 

than physical adsorption type, which agrees with previous research [18,19] observations. 

However, the behavior may be different for other cases depending on the pore scale, 

pressure and temperature conditions. 

 

 

Figure 30  Tortuosity correction factor for the adsorption effect, as obtained by the GCMC simulations, 

Langmuir and Freundlich isotherms. 
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 Effective diffusion and diffusion tortuosity 

The kerogen structure, loaded with methane at the pressure range under consideration, was 

subjected to a diffusion analysis using Eqs. (5.13) - (5.17). From the axial position of the 

mass center, the MSD of the methane molecules in every 1 fs was recorded for 3,000 time-

steps. An example of one of the measurements performed is presented in Figure 31. The 

slope of the MSD linearity was sufficient to calculate the self-diffusion coefficients of the 

methane [281]. It is noteworthy that the MSDs of the methane exhibited large fluctuations 

during the simulations, indicating that the kerogen model contained an abundance of small 

pore throats. The gas frequently jumped from small to large pores, due to non-Einstein 

diffusion [135]. Parallel and radial diffusion approaches can be used in the characterization 

of anisotropic diffusivity. Thus, effective diffusion is configuration-dependent. The 

calculations were repeated on three independent kerogen-methane configurations at each 

pressure stage to ensure a proper statistical representation. Given Figure 31, the presence 

of Brownian diffusion was confirmed through a plot of log10(𝑀𝑆𝐷) versus log10(𝑡), as 

the plot is approximately linear and has a unit gradient. The computed methane self-

diffusion coefficient in the kerogen structure is between 1.44 × 10−9 and 2.90 ×

10−9  𝑚2 𝑠⁄  over the pressure range of 2.07 to 41.34 MPa. The order of magnitude of the 

methane self-diffusion coefficient in our simulation is in agreement with Collell et al. [150] 

(3.2 ± 1.8 × 10−9 𝑚2/𝑠 obtained for 20 structures of modified organic matter at 300 K 

and 20 MPa) and Sui and Yao [17] (1.45 to 3.05 × 10−9 𝑚2/𝑠 for type IIA kerogen within 

1 to 30 MPa at 350 K). The average effective diffusion was used to obtain the diffusion 

tortuosity 𝜏𝑑 and the corrected value for the adsorption effect 𝜏′𝑑 (Figure 32). 
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Figure 31  On the left a sample log-log plot of MSD versus time indicating a Brownian’s motion state, and, on 

the right, the corresponding plot used to calculate the diffusivity coefficient. 

The relative impact of the gas in the adsorbed phase on methane effective diffusion is low 

at elevated pressure state, and reaches a high value at low pressure. At a lower pressure of 

2.0 MPa for instance, where the adsorption barrier factor was around 12 and the tortuosity 

was at its peak. Conversely, at a high pressure, the factor reduced to 2.2 and the tortuosity 

was at its lowest. The trend revealed that the sorption occurred simultaneously as the 

methane molecules moved from one point to another, limiting the effective amount of gas 

that diffused within the kerogen. The resistance imposed by adsorption reduced gradually 

as the structure was loaded with more methane molecules, indicating that the attraction 

energy exerted by the kerogen per molecule of methane decreased. Thus, the methane was 

able to diffuse more freely.  

The diffusion tortuosity imposed by the pore structure of the kerogen was filtered from the 

adsorption effect using Eq. (5.17), as shown in Figure 32. The results revealed a tortuosity 

factor fluctuating around 2.55 at different pressure stages, with a 10% coefficient of 

variation (deemed acceptable for molecular calculations). It can be inferred that the 

molecular interactions between the kerogen and methane imposed an additional barrier. In 
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this study, the tortuosity increased from 2.52 to 9.02 at a low pressure, and from 2.74 to 

4.26 at a high pressure; these findings have implications for the rate of recovery from such 

resources. The results are based on the specific kerogen structure considered in this study. 

The workflow adopted in this study can be applied to investigate the adsorption behavior 

for different kerogen configurations matching the characteristics of the formation of 

interest on a case-by-case basis. 

 

Figure 32  Diffusion tortuosity with and without the sorption effect. GCMC adsorption data were used to 

calculate the adsorption factor. 

 

Kerogen diffusion data can be fed to a multiscale permeability model to investigate the 

impact of microscopic intricacies at some meaningful macroscopic level. The permeability 

model as proposed by Wasaki and Akkutlu [137] and Gangi [282] can serve as a proxy for 

that purpose. The model has been selected because it describes the multiscale transport in 
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a stress-sensitive matrix system, thus can be applied to model combined cracks of 

mesoporous scales, and diffusion in a coupled matrix-crack kerogen system for a pressure 

range typical to what is encountered during reservoir depletion. 

 Macroscopic shale permeability implications 

The difficulty in describing the shale permeability arises from the different transport 

mechanisms that contribute to the total permeability (i.e. apparent permeability). Accurate 

assessment of the shale gas permeability is a vital task as it can greatly influence the 

anticipated production rate and the factors controlling it. Wasaki and Akkutlu permeability 

model [137] accounts for viscous flow in the cracks, surface diffusion flux, and self-

diffusion flux hence reflecting the multiscale and multiphysics nature of shales. The 

conceptual kerogen model, modeled after Wasaki and Akkutlu [137] is shown in Figure 

33. 

 

Figure 33  Conceptual kerogen - crack multiscale system 

 

Wasaki and Akkutlu apparent permeability (𝑘𝑎𝑝𝑝) can be calculated as follows: 
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𝑘𝑎𝑝𝑝 = 𝑘𝑚 + 𝜇𝐷𝑒𝑓𝑓𝑐𝑔 +
𝜇𝐷𝑠𝑉𝑠𝐿𝜌𝑔𝑟𝑎𝑖𝑛𝐵𝑔

𝜖𝑘𝑠

𝑝𝐿
(𝑝 + 𝑝𝐿)2

 (5.18) 

 

 

where 𝑘𝑚, 𝜇, 𝑐𝑔, 𝐷𝑠, 𝑉𝑠𝐿 , 𝜌𝑔𝑟𝑎𝑖𝑛, 𝐵𝑔, and ∈𝐾𝑠 represent permeability of slit shape cracks 

(m2) as function of the effective stress, viscosity (pa.s), gas compressibility (1/pa), surface 

diffusion (m2/s), Langmuir volume (m3/kg), grain density (m3/kg), gas formation factor, 

and total organic-grain volume per total grain volume respectively.   

The first term in the previous equation is the permeability attributed to the viscous flow in 

the stress dependent cracks (km), second term accounts for the self-diffusion in the 

nanopores (𝑘𝐷𝑇), and the last term represents the surface diffusion (𝑘𝐷𝑠). The first term can 

be estimated using Gangi model which was developed on the basis of permeability 

dependency on the stress [282], it has the following form: 

𝑘𝑚 = 𝑘𝑜 [1 − (
(𝑝𝑐 − 𝛼𝑝)

𝑝1
)

𝑚

]

3

 (5.19) 

where, 𝑘𝑜 , 𝑝𝑐, 𝑝1, 𝛼, 𝑎𝑛𝑑 𝑚 are zero-stress effective permeability (m2), confining pressure 

(pa), stress required to close a slit shaped pore (pa), aspect ratio, and conductive pore 

geometry factor, respectively.  

The focus of this study was mainly on self-diffusion, which is represented by the second 

term in Eq. (5.18). To investigate the impact of methane self-diffusion in kerogen, a case 

study was performed. The parameters used in this case study are based on published data 

for the Eagle Ford field which is shown in Table 19 [137,159]. The gas properties such as 
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viscosity, gas formation volume factor and gas compressibility were computed with NIST 

miniREFPROP experimental database software. 

According to Stoke’s theorem, a laminar flow in a slit pore, can be estimated as follows 

[283]: 

𝑞 =
ℎ2

12

ℎ ∙ 𝑤

𝜇

Δ𝑝

𝐿
 (5.20)  

where ℎ, 𝐿, 𝑎𝑛𝑑 𝑤 represent the height (m), length (m) and width (m) dimensions 

respectively of the slit shaped pore. Comparing that equation with Darcy equation, the 

crack width can be used to estimate permeability at zero effective stress [283]: 

𝑘𝑜 =
ℎ2

12
(5.21) 

Five different cases were considered for the crack width including 2, 5, 10, 25, 50 nm. The 

contribution of self-diffusion permeability with respect to apparent permeability at 

different crack widths is shown in Figure 34. The self-diffusion importance gradually 

becomes negligible as the crack width approaches the upper limit of mesopores scale. For 

instance, at around 41 MPa, the contribution of pore diffusion dropped from 4% to 0.007% 

for 2.0 nm, and 50 nm pore size respectively. Generally, effective pore diffusion plays a 

significant role as the pore pressure drops for smaller cracks (i.e. inorganic slit pores).  

Table 19 Parameters used for the case study. 

Reservoir properties 

Porosity, ϕ 0.06 --- 

Sorption properties 

Grain density, ρgrain 2659.06 kg/m3 
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Total organic grain volume per total grain volume, 

ϵks 

0.01 --- 

Langmuir volume, VsL 3.12 × 10-3 m3/kg 

Langmuir pressure, pL 1.379 × 107 pa 

Surface-diffusion coefficient, Ds 10-9 m2/s 

Gangi model parameters 

Permeability at zero effective stress, ko h2/12  mD 

h 2, 10 m 

× 10-9 

m 0.5 --- 

p1 1.793 × 108 pa 

Confining pressure, pc 1.034 × 108 pa 

Effective-stress coefficient, α 0.5 --- 

Gas properties 

Gas composition C1 - 100%  
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Figure 34  Fraction of the diffusion permeability to the apparent permeability as a function of crack width 

 

Figure 34 shows that the contribution of the pore diffusion is below 10% for all considered 

crack sizes. Decoupling the adsorption effect from the diffusion can be erroneous 

especially at lower pressure. The contribution of diffusion to the total permeability, for 

instance, appeared to be around 10% and 0.05% for a crack size of 10 nm when adsorption 

effect was decoupled and coupled, respectively at 2.067 MPa (Figure 35). The severity of 

overestimating the diffusion can be seen higher for the smaller crack sizes. Therefore, 

ignoring the adsorption effect could lead to a misleading result, such as overestimating the 

permeability by a factor of 3.5 to 4 times at high pressure and by 13.9 to 16.5 at low 

pressure.  
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Figure 35  Relative contribution of diffusion for cases when the adsorption effect on diffusion is coupled and 

decoupled at crack width of 2.0 and 10 nm. 

 

5.4 Conclusions 

This work explored the impact of adsorption on methane diffusion tortuosity in a 

representative kerogen structure. The following major conclusions were drawn: 

• Kerogen is a highly tortuous confined mesoporous medium. A realistic 

kerogen structure can be formed from single kerogen macromolecules 

through molecular dynamics simulation. 

• Methane recovery from kerogen is believed to be controlled by self-

diffusivity. The degree of tortuosity reduces the methane diffusion 

coefficient from the theoretically calculated value. 



125 

 

• Kerogen exerts some attraction forces on methane, causing physi- and 

chemisorption. Adsorption effects impose an additional barrier on methane 

self-diffusivity. 

• The adsorption effect can be parameterized by adsorption isotherms such as 

Langmuir and Freundlich. 

• In this study, tortuosity was augmented by the adsorption effect. It was 

increased by a factor of 2.0 to 3.6 compared to an adsorption-corrected 

tortuosity and depending on the pressure state.   

• The role of diffusion is very sensitive to the size of the cracks present in the 

rock. Diffusion is anticipated to have a significant role for smaller cracks.  

• Decoupling the adsorption effect when calculating the self-diffusivity could 

significantly overestimate the total permeability. 

• It is recommended that the findings of this work be validated experimentally 

and extended to the investigation of other kerogen types and inorganic 

constituents that exhibit high adsorption behavior. 
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6 CHAPTER 6 

MODELING OF NATURAL GAS SELF-DIFFUSION IN 

THE MICRO-PORES OF ORGANIC-RICH SHALES 

COUPLING SORPTION AND GEOMECHANICAL 

EFFECTS3  

Abstract 

 

A significant amount of the natural gas in shale formations is contained in the micro- and 

mesopores as dissolved (absorbed) phase and on the surfaces of associated microcracks as 

(adsorbed) phase. The transport of natural gas in such confined spaces is primarily 

governed by self-diffusion as could be deduced from Knudsen number. Self-diffusion is 

governed by the pressure and the space confinement. In this study, realistic kerogen 

structures possessing both tortuous micropores and larger microcracks were formed and 

used to assess self-diffusion behavior during the depletion of shale reservoirs through some 

comprehensive molecular simulation workflow. Analysis of the transport modes revealed 

                                                 

 

 

3 This chapter is copied from the manuscript: C Afagwu, S Alafnan, M Mahmoud, W. Akkutlu (2022). 

Modeling of natural gas self-diffusion in the micro-pores of organic-rich shales coupling sorption and 

geomechanical effects. Journal of Natural Gas Science and Engineering, 104757 
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transition self-diffusion as the primary transport mechanism in these micropores. The 

sorption behavior and the mechanical properties were analyzed and incorporated to derive 

a transition diffusion model that is sensitive to changes in the pore pressure and the stress 

field. The proposed model was compared and validated against similar work in the 

literature. The results showed that during a typical production span, a pressure drop 

influences the sorption profile, the net overburden stress on the pores, and the mean free 

path, altering the magnitude of self-diffusivity. The calibrated pore scale model produced 

decent predictive ability with a relative error of 2.5–16%. The implications of structure 

tortuosity, sorption profile, and pore pressure on the effective diffusion coefficient and gas 

desorption are discussed in depth. This work provides a novel methodology for studying 

the effect of coupled multiphysics processes on methane transport in a realistic kerogen 

geometry, which could be used to calibrate a suitable pore scale model for upscaled 

reservoir simulation applications and accurate assessment of reservoir dynamics and 

ultimate recovery. 

Keywords: Kerogen micropores, Effective methane diffusion, Geomechanics, Sorption, 

Molecular dynamics 

 

6.1 Introduction 

Kinetic theory of gases offers some framework to describe molecular diffusion taking into 

consideration the mean free path that is primarily controlled by the pressure and the pore 

size. However, such an idealistic approach fails to account for organic micropores 

intricacies such as fluid-wall induced interactions, tortuosity of pores, and changes in the 

pore size as the net overburden pressure varies during the production scheme [284]. 
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Over the years, many studies have discussed the role of diffusion in transport processes 

[6,13,144,150,206]. Beside the porous structure, the chemical and physical interactions 

between the heterogeneous organic materials and gas result in additional restriction to the 

movement of molecules. Both experimental [111,129,142,148] and simulation studies 

[135,145,285,286] have been carried out to understand the impact of adsorption alongside 

the pore distribution on methane diffusion in kerogen. The affinity between kerogen and 

methane adds more restriction to the diffusion [286].  

Upon reservoir depletion, shales experience an increased net confining stress acting to 

restrict fluid flow in the larger pores [170,206,287–290]. In some studies, porosity-

transport, stress-porosity and stress-permeability relationships were developed, and results 

have shown that these correlations could be modeled using exponential, power law 

functions, and Hooks’ law models. Some of the outcomes from similar studies 

[118,170,288,289,291] have consistently hinted that shale containing slit-shaped pores and 

micro-fractures are more affected by changes in the stress field. It was observed that the 

effect of confining pressure is more pronounced on permeability than porosity [289]. 

Induced stress will result in actual low recovery rate, such that a large proportion of the gas 

would not be recovered [170,292]. The changes in the field stress could affect the integrity 

of the organic micropores as well. The response of organic materials to changes in the 

stress is, however, ambiguous with little insights available in the literature owed to the 

occurrence of organic materials as nano-scale constituents which limits direct assessment 

of their mechanical behavior [293].  

Quite a number of shale transport models to a large extent mainly captured the effects of 

different physics by utilizing a realistic kerogen system [113,143,207] or carbon nanotubes 
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[91]. However, high resolution scanning electron microscopy (SEM) images employed in 

several studies to examine shale samples in major plays have shown cracks of different 

sizes in some organic-rich shale (Figure 36). These microcracks are most likely developed 

during oil and gas generation in the organic microstructure [32,33,294]. Hence, organic 

materials constitute smaller tortuous micropores (i.e. pore size less than 0.5 nm) which 

offers active spots to absorb gas and larger microcracks that host methane as free 

compressed gas and adsorbed on their surfaces. The net amount of gas in such systems is 

referred to as sorption (i.e. sorption is the summation of adsorption and absorption) 

[10,106]. Accurate modeling of the gas transport necessitates updating diffusion models 

with the active sorption. 

 

Figure 36  SEM images [283,294] showing organic matter (OM) in darker color a) Bakken shale with slit-shaped 

cracks dominated transport network within the OM [294] b) Woodford shale with cylindrical pores distributed 

within the OM [294] c) Avalon shale with multiple slit-shape cracks cutting through OM. 

 

In assessing the molecular diffusion of methane in the organic materials of shales, organic 

samples similar to those shown in Figure 36 are needed. This could be achieved through 

either experimental extraction followed by diffusivity measurements or replication of such 

systems on a computational platform. While the former offers a direct approach, the 

preservation of the structure and its associated micropores structures is uncertain during 

pyrolysis [295] and faces some technical limitations [296–298]. The recreation of organic 
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materials on a computational platform, on the other hand, offers more flexibility in 

delineating multiple factors. Starting from realistic kerogen structures, thorough 

assessment of the sorption profile, self-diffusion, and mechanical properties are conducted 

and incorporated to derive a diffusion model for methane in the organic materials of shales. 

The remainder of this research is organized as follows. Flow regime in kerogen 

highlighting the significance of self-diffusion has already been presented in chapter 2. The 

sensitivity analysis in Figure 10 (section 2.2) showed that the methane transport mechanism 

of kerogen micropores is primarily controlled by the transition regime. For this reason, the 

well validated self-diffusivity model developed in this study will be valid within the 

transition domain. The methods adopted for this work such as the MD simulation protocols, 

mechanical assessment approach, pore size characterization, sorption modeling, diffusion 

tortuosity calculations, and effective diffusion model development are outlined in section 

6.2. Results and model validation are executed in section 6.3. A detailed explanation of the 

multiphysics and microstructural implications on methane transport are detailed in 

discussions section 6.4. Finally, limitations and opportunities to close some research gaps 

are provided in section 6.5, while conclusions are available in section 6.6.  

6.2 Methodology 

Figure 37 shows the schematic of the kerogen system consisting of kerogen that has 

tortuous micropores of cylindrical shape and microcracks mimicking observations made 

from SEM shale plays [294]. In the organic materials, cylindrical micropores are tortuous 

of sizes less than 0.5 nm while microcracks are slit-shaped pores of sizes ranging from 0.5 

to 2.0 nm. Dissolved molecules in the cylindrical pores and adsorbed molecules in the 

microcracks diffuse through the kerogen microstructure to the inorganic matrix. 
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Typically, reservoir rocks are under coupled net overburden stress and sorption dynamics 

loading processes that causes a reduction in representative pore size for gas transport. 

Methane self-diffusivity in this study was computed for both realistic kerogen geometries 

under sorption loading using combined Grand Canonical Monte Carlo (GCMC) ensemble 

and MD simulation approach.   

The methods employed in this study are as follows. Realistic kerogen structures formed 

from the individual macromolecules of type II-D were formed following the procedure 

outlined in previous research [206,286]. The kerogen macromolecule’s atomic centers 

interact within the same unit and with centers in other units through 9-6 Lennard Jones 

potential. The extension of the polymer consistent force fields (PCFF+) force field was 

utilized in the present simulations to parameterized the atomic centers. PCFF+ is an 

extension of the PCFF class II force field developed in the 1990s for modeling a variety of 

polymers and organic materials as a continuation of the earlier efforts of force fields such 

as COMPASS and CFF93 [272]. The Waldman and Hagler mixing rules [273] were used 

to describe the self and cross atom-atom parameters. The explicit LJ and Coulombic 

interactions between assigned atomic charges was evaluated at a cutoff distance of 9.5 Å. 

This threshold was employed successfully in various MD simulations with kerogen 

models. Additionally, tail corrections in LJ energy were applied beyond the cutoff radius 

[88,267]. While the particle-particle-particle mesh (PPPM) coupled with the Ewald 

summation approaches [88] were used to calculate long-range coulomb interaction 

energies in the MD simulations with Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) and the Monte Carlo (MC) simulations with GIBBS.  
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Figure 37  A 2D Schematic of pore diffusion in kerogen nanopores and cracks under coupled stress regime and 

sorption effect. a) SEM image showing organic matter in darker color with mainly cylindrical tortuous pores 

distributed within the organic matter [294]  b) A conceptual view of the micropores with initial diameter of 

𝒅̅𝒄𝒊𝒓 and an effective circular pore diameter in no-loading condition is 𝒅̅𝒆𝒇𝒇,𝒄𝒊𝒓 c) Under stress regime, the 

circular pore diameter is 𝒅̅𝝈𝒆𝒇𝒇,𝒄𝒊𝒓 and its effective circular diameter corrected for sorbed gas layer thickness is 

𝒅̅𝒆𝒇𝒇,𝒄𝒊𝒓 d) SEM image showing organic matter in dark color and cracks in black cutting through it [294] e) A 

conceptual view of a crack with width, w and height, h with no loading but corrected for adsorption to gives 

effective pore height, 𝒉𝒆𝒇𝒇 f) Under loading effect, the pore height is 𝒉𝝈𝒆𝒇𝒇 and correction for adsorbed gas layer 

gives an effective pore height, 𝒉𝒆𝒇𝒇. 

 

 

Figure 38  Adopted abridged workflow for the case study of self-diffusion in cylindrical pore considering the 

impact of pore compressibility 

 

The Class II PCFF + force field energy expression utilized to describe the non-bonded 

interactions between different atoms in the modified kerogen structure and methane gas 
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can be written as follows [272,273]: 

  𝐸𝑁𝐵 = 𝜀 [2 (
𝑟∗

𝑟𝑖𝑗
)
9

− 3(
𝑟∗

𝑟𝑖𝑗
)
6

] +
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝑟𝑖𝑗
,                                                                         (6.1) 

where, 𝐸𝑁𝐵 is potential energy resulting from the non-bonded interaction forces between 

atoms (𝐽𝑜𝑢𝑙𝑒𝑠). 𝑟𝑖𝑗 is the distance between atoms 𝑖 and 𝑗 (m), 𝑟∗ is distance at which the 

interaction potential between pairs of force centers exhibits a minimum (m), 𝜀 is the depth 

of the potential well (𝐽𝑜𝑢𝑙𝑒𝑠), 𝑞𝑖  and 𝑞𝑗  are charges of atoms 𝑖 and 𝑗 respectively, and 𝜀0 

is dielectric constant. Subscripts 𝑖 and 𝑗 refer to atoms of the same and different types in 

the kerogen structure and methane gas. The Waldman and Hagler combining rules utilized 

to compute LJ parameters between unlike atoms of type 𝑖 and 𝑗, and is given as follows 

[273]: 

 𝑟∗ = (
(𝑟∗,𝑖 )

6 + (𝑟∗,𝑗 )
6

2
)

1 6⁄

;         𝜀 = 2√𝜀𝑖𝜀𝑗 (
(𝑟∗,𝑖 )

3(𝑟∗,𝑗 )
3

(𝑟∗,𝑖 )6 + (𝑟∗,𝑗 )
6).                   (6.2) 

Three kerogen structures at some ranges of density were obtained by performing the 

following procedures. The first structure was constructed by placing twelve type II-D 

macromolecule units in a low-density cell with full periodic boundary condition, followed 

by a sequence of velocity initialization, energy minimization, isochoric-isothermal (NVT) 

ensemble for 200 ps at high temperature and 1.0 fs time step. Isobaric-isothermal (NPT) 

ensemble stages were performed for 250 – 400 ps at a decreasing temperature until a final 

temperature of 350 K was attained at the same time step. The initial high temperature was 

used to accelerate the relaxation process of molecules. The two additional structures with 

modified microporosity were constructed as follows. During the initialization process, 
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some molecular directors (i.e., heptane) were inserted and removed upon forming the final 

structure to control porosity. Aljaberi et al. [206] and Afagwu et al. [286] in their works 

described the entire procedures utilized to build the porosity-controlled kerogen structures 

similar to the ones employed in this study. The final structures resemble kerogen with 

cylindrical tortuous micropores of sizes less than 0.5 nm. Such pore spaces intake methane 

in the absorbed state. The workflow illustrated in Figure 38 was employed for full 

assessment of kerogen mechanical properties, pore size distribution, sorption and self-

diffusivity of methane in the associated pore spaces.  

Furthermore, a novel methodology was utilized to construct some realistic slit-shaped 

kerogen pores. The initial kerogen structure was compressed using the compression 

module of Mede LAMMPS where a target density was set and the thickness in the z-

direction was modified accordingly. This was followed by an energy minimization and 

NVT ensemble for 100 ps. This outlined process forms a kerogen slab. Stacking two slabs 

at some predefined distance yields a slit-shaped pore of a desired size [299]. Several slit-

shaped structures of different pore volumes with same square geometry of 40 by 40 Å were 

created by mirroring the kerogen slabs at different separation of 5, 10, and 15 Å. A freezing 

feature in MedeA was used to fix the kerogen molecules in place during subsequent MD 

calculations. Such systems of slit-shaped pores of the aforementioned sizes offer active 

sites for methane adsorption on the surfaces rather than absorbed or dissolved within the 

kerogen tortuous smaller pores. The important molecular simulation parameters for 

parametrizing kerogen and methane atoms are available in Table S1 and Table S2 

respectively of the supplementary materials. 
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 Mechanical properties assessment 

Understanding the mechanical properties of kerogen is a vital task to predict the structural 

changes during typical production span. Molecular simulation can be invoked to delineate 

the changes in the pore size as a function of net overburden stress.  

Cubic systems are the simplest where the elastic constants can easily be modeled because 

their stiffness matrix contains only three independent constants, such as the two Lame’s 

constant, 𝜆 and 𝜇, in addition to p-wave modulus of elasticity, 𝑀. Other systems with above 

four elastic constants are triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral, 

hexagonal systems. The unit cell of a cubic structure, which is a Bravais lattice vector, 

𝐿⃗⃗(𝐿𝑥 𝐿𝑦 𝐿𝑧) changes to 𝐿⃗⃗′(𝐿′𝑥 𝐿′𝑦 𝐿′𝑧) in a changed stress field condition (m), 

and their relationship gives the elements of the strain tensor as follows: 

𝐿⃗⃗′(𝐿′𝑥 𝐿′𝑦 𝐿′𝑧)

𝐿⃗⃗(𝐿𝑥 𝐿𝑦 𝐿𝑧)
=

(

 
 
1 + 𝑒𝑥𝑥

1

2
𝑒𝑥𝑦

1

2
𝑒𝑥𝑧

1

2
𝑒𝑦𝑥 1 + 𝑒𝑦𝑦

1

2
𝑒𝑦𝑧

1

2
𝑒𝑧𝑥

1

2
𝑒𝑧𝑦 1 + 𝑒𝑧𝑧)

 
 
.                             (6.3) 

The deformation leads to change in total energy, represented as follows: 

𝑈 =
𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸0

𝑉0
,                                                                                                                        (6.4) 

where, 𝐸𝑡𝑜𝑡𝑎𝑙 is total energy of the system after deformation (Joules), 𝐸0 is energy of 

unrestricted cell, and 𝑉0 is the volume of the unrestricted cell (m3). The changes in total 

energy is related to the elements of the stiffness matrix, 𝐶𝑖𝑗 as follows [300]: 

𝑈 =
1

2
∑∑𝐶𝑖𝑗𝑒𝑖

𝑒

𝑗=1

𝑒

𝑖=1

𝑒𝑗,                                                                                                              (6.5) 

where, 𝑖 and 𝑗 runs from 1…6 in the sequence  {𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑦𝑧, 𝑥𝑧, 𝑥𝑦}, that is,  𝑒𝑖 =
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|𝑒𝑥𝑥, 𝑒𝑦𝑦 , 𝑒𝑧𝑧 , 𝑒𝑦𝑧 , 𝑒𝑥𝑧 , 𝑒𝑥𝑦|, 𝑒𝑗 = |𝑒𝑥𝑥 , 𝑒𝑦𝑦 , 𝑒𝑧𝑧 , 𝑒𝑦𝑧 , 𝑒𝑥𝑧 , 𝑒𝑥𝑦|
𝑇
, ‘T’ signifies transpose, 

thus, Eq. (6.3), gives rise to a stiffness matrix, 𝐶𝑖𝑗 with 36 elements. Meanwhile, only 21 

elements are maximally independent. The least square method can be used to calculate the 

elastic coefficients for the crystal structure, and has been implemented in this study, where, 

𝐶11 = 𝑀, 𝐶12 = 𝜆, 𝐶44 = 𝜇 = 𝐺 is shear modulus and Bulk modulus, 𝐾 = (𝐶11 + 2𝐶12) 3⁄  

[301]. Le Page [300] showed that the result from this approach matches experimental 

results for a number of elements and compounds spanning a range of crystal symmetries. 

Notably, the inverse of the stiffness matrix gives the compliance matrix, 𝑆𝑖𝑗 = 𝐶𝑖𝑗
−1. In the 

same vein, the other elastic constants, and moduli like young’s modulus, can be obtained 

from the compliance matrix, as, 𝐸 = 1 𝑆11⁄ , 𝑆12 = 𝜐 𝐸⁄ , and 𝑆44 = 1 𝐺⁄ , where 𝜐 is 

Poisson ratio. Birch [302] summarized the relationships between the elastic parameters and 

moduli. Unlike the mean crystal system, the effect of temperature is significant in harmonic 

lattice, so it is important to integrate the coefficient of thermal expansion when describing 

the material deformation [301,303]. Thus, the procedure outlined by Mayer [301], that 

integrates the coefficient of thermal expansion in the modified stress-strain model could be 

employed. Even if the parent material is homogeneous and ordered, the unit cells may vary 

in arrangements. For this reason, the application of the method described with Eqs. 6.3, 6.4 

and 6.5 in a system with an imperfect arrangement of lattice structure will give erroneous 

results. 

In this study, the Hill-Walpole equation was employed in the MedeA environment to 

compute the elastic properties at nanoscale. The strain can be applied in any direction of 

interest. In our case, the kerogen structures were strained in different directions to assess 

the mechanical elastic moduli by applying an axial load. Then, a pressure was applied in 
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an orthogonal direction to the kerogen structure to mimic the confining stress that is 

experienced in the reservoir. Figure 39 presents the summarized steps employed to 

compute the pore compressibility. The bulk kerogen was considered in the elastic moduli 

calculations. The stress-strain relationship was obtained through energy quantification 

using molecular dynamics before and after deformation. Consequently, the pore size 

distributions were evaluated pre- and post-deformation and energy quantification to study 

the impact of pore compressibility on Bhattacharya and Gubbins number of pores size 

distribution.  

  

Figure 39  Summarized steps employed to compute elastic properties and pore compressibility in this study 

 

 Pore structure characterization 

A non-overlapping sphere insertion method introduced by Bhattacharya [268] was 

employed to characterize the pore sizes of the structures. Spheres of different sizes are 

placed at the vertices of a polyhedral and some points are distributed randomly in the 

structure. A point is selected randomly as the sphere center, and the distance between that 

biggest possible radius of that sphere and a non-overlapping nearest solid must satisfy Eq. 

6.6. The procedure is repeated for pre-defined spheres, to obtain a normalized PSD (Eq. 
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6.7). Consequently, the number of each pore size and pore volume is calculated at each 

point. Gaussian distribution function (Eq. 6.8) was another approach utilized to describe 

the local heterogeneity of the micropores circular geometry in order to probe the most 

suitable of both methods for obtaining a representative pore size in this study. 

𝑟𝑖𝑗 ≥
𝜎𝑖

2
+ 𝑟,                                                                                                                                 (6.6)   

∫ P(𝑟)𝑑𝑟 = 1,                                                                                                                 
+∞

0

   (6.7) 

P(𝑟) =
𝛼𝑟

√𝜋 2𝑟𝑆𝐷⁄
𝑒𝑥𝑝 (−2(

𝑟 − 𝑟𝑚𝑒𝑎𝑛
𝑟𝑆𝐷

)
2

),                                                                     (6.8) 

where, 𝑟𝑖𝑗 is distance between the nearest solid and sphere center (m), 𝜎𝑖 is LJ diameter of 

the nearest particle (m), 𝑟 is admissible sphere radius which could be the biggest sphere 

radius (m), 𝛼𝑟 = 1 represents the relative proportion of the distribution, 𝑟𝑚𝑒𝑎𝑛 is mean pore 

radius (m), and 𝑟𝑆𝐷 is the standard deviation of pore radius (m). The most suitable pore 

distribution function for computing the typical pore radius (𝑟̅𝑐𝑖𝑟) for each kerogen pore is 

still uncertain at this stage as it depends on pore heterogeneity. In this study, a robust fitting 

process of the computationally measured diffusion and validated proposed model will be 

utilized to determine the typical pore radius. The fitted pore size will be compared to the 

average of the minimum (𝑟𝑚𝑖𝑛) and maximum pore size (𝑟𝑚𝑎𝑥) obtained from Bhattacharya 

PSD profile and the modal size from Gaussian method. Porosity is the ratio of total pore 

volume (𝑉𝑝𝑜𝑟𝑒) and the bulk volume of the condensed structure (𝑉𝑡𝑜𝑡𝑎𝑙), assuming a fully 

connected pore network model. This assumption is valid in micropores [304]. After 

deformation of the structures on the z-direction and energy quantification changes, the 

distribution of micropores was re-calculated, and the impact of pore compressibility on 

PSD was presented in the results section.  
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 GCMC sorption calculations  

The absorbed and adsorbed gas molecules were computed in the different configurations 

of kerogens through running Gibbs calculations. Chemical potential, volume and 

temperature of the adsorbed molecules were the fixed parameters (i.e., as input) in the 

GCMC ensemble [270]. Methane chemical potential was estimated as follows [86]:  

𝜇𝑖 = 𝜇𝑖𝑜 + 𝑅𝑇𝑙𝑛 (
𝑓𝑖
𝑣

𝑓𝑖𝑜
),                                                                                                          (6.9) 

where, 𝑅 = 8.314 𝐽 (𝐾.𝑚𝑜𝑙⁄ ) is the universal gas constant, 𝑇 is the absolute temperature 

(K),  𝑖 represents methane; 𝜇𝑖 and 𝑓𝑖
𝑣 = 𝑦𝑖𝑝𝜑̂𝑖 are the chemical potential (𝐽 𝑚𝑜𝑙𝑒⁄ ) and 

fugacity (𝑃𝑎) for methane in the vapor phase, respectively. 𝜑̂𝑖 is the fugacity coefficient of 

real methane gas, 𝑓̂𝑖𝑜 = 𝑝𝜑̂𝑖𝑜 is the fugacity of ideal gas, and 𝜑̂𝑖𝑜 = 1, is the fugacity 

coefficient of an ideal gas. The fugacity coefficient was calculated with the Peng-Robinson 

equation of state [76]. Fugacity of a real gas is the effective partial pressure, which corrects 

for the non-ideality of the gas molecules as operating condition changes. The real gas effect 

is very critical at high gas pressure states (Table 20).  

Table 20 Fugacity of methane gas at 350 K 

Pressure 

(MPa) 

2.067 3.445 6.890 10.335 20.670 31.010 41.340 82.68 

Fugacity 

(MPa) 

2.028 3.340 6.494 9.503 18.056 26.958 35.842 86.43 
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Methane molecules were loaded in the pores during the GCMC simulation and Gibbs’ 

number of loaded gas molecules 𝑁𝑎𝑚 at a wide pressure range and equilibrium temperature 

of 350 K were calculated. Furthermore, the total number of loaded methane molecules at 

each simulation pressure were parameterized with, 𝑁𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑎𝑚 𝑁𝐴⁄  [274]. The 

dimensionless output was expressed in moles. Dissolved and gas density respectively was 

obtained as follows: 

 𝜌𝑎𝑏𝑠 =
𝑁𝑡𝑜𝑡𝑎𝑙𝑀

𝑉𝑝𝑜𝑟𝑒,𝑘𝑒𝑟𝑜𝑔𝑒𝑛
;  𝜌𝑎𝑑𝑠 =

𝑁𝑡𝑜𝑡𝑎𝑙𝑀

𝑉𝑝𝑜𝑟𝑒,𝑠𝑙𝑖𝑡 
,                                                    (6.10)  

where, 𝑁𝐴 = 6.023 × 10
23 (number of molecules/mole) is the Avogadro’s number of 

molecules present in one mole of gas, 𝑉𝑝𝑜𝑟𝑒,𝑘𝑒𝑟𝑜𝑔𝑒𝑛 is total bulk volume of the tortuous 

pores in the kerogen (𝑚3), 𝑉𝑝𝑜𝑟𝑒,𝑠𝑙𝑖𝑡 is pore volume of slit-shaped pore system (𝑚3), and 

𝑀 is gas molecular mass per mole (𝑘𝑔 𝑚𝑜𝑙⁄ ). Similarly, the sorption equilibrium factor, β, 

that quantitatively describe the relative density of sorbed layer to the bulk phase as pressure 

changes was defined as follows [129,135,148]: 

β𝑎𝑏𝑠 =
𝜌𝑎𝑏𝑠
𝜌𝑏𝑢𝑙𝑘

;   β𝑎𝑑𝑠 =
𝜌𝑎𝑑𝑠
𝜌𝑏𝑢𝑙𝑘

,                                                                                            (6.11) 

where 𝜌𝑏𝑢𝑙𝑘 is the bulk gas density (𝑘𝑔 𝑚3⁄ ) computed with NIST miniREFPROP 

experimental database software [149]. Alternatively, the density ratio was computed with 

Langmuir sorption isotherms, which has been successfully utilized to provide the best fit 

in kerogen [286]. First, excess amount of sorbed gas hosted per unit mass of condensed 

geometry system (𝑚𝑘𝑒𝑟) was evaluated from the GCMC simulation output by discounting 

the free gas present in the pore volume as follows: 

𝑛̂𝑒𝑥𝑐𝑒𝑠𝑠 = (𝑁𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑏𝑢𝑙𝑘𝑉𝑝𝑜𝑟𝑒 𝑀⁄ ) 𝑚𝑘𝑒𝑟 .⁄                                                                (6.12) 
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The calculated specific excess sorption for each geometry using Eq. 6.12 was fitted to a 

Langmuir isotherm (Eq. 6.13) to determine the specific Langmuir amount (𝑛̂𝐿) and 

corresponding pressure (𝑝𝐿), where 𝑀 is methane molecular weight.  

𝑛̂𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛̂𝐿
𝑝

𝑝𝐿 + 𝑝
−
𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇)𝑉𝑝𝑜𝑟𝑒

𝑚𝑘𝑒𝑟𝑀
,                                                                        (6.13) 

𝑛̂ = 𝑛̂𝐿
𝑝

𝑝𝐿 + 𝑝
.                                                                                                                         (6.14) 

Consequently, the specific absolute adsorption capacities (𝑛̂) (Eq. 6.14) were used to 

determine the sorbed phase densities of methane molecules present in the condensed 

structure as follows: 

𝜌𝑎𝑏𝑠 =
𝑛̂

𝑉𝑡𝑜𝑡𝑎𝑙,𝑐𝑖𝑟
; 𝜌𝑎𝑑𝑠 =

𝑛̂

𝑉𝑝𝑜𝑟𝑒,𝑠𝑞𝑢
.                                                                                     (6.15) 

The suitability of the Langmuir model to predict the sorbed gas densities and density ratios 

using Eq. 6.15 will be validated by comparing with simulation computed values obtained 

with Eq. 6.10. Consequently, the role of augmented barrier to methane transport in an 

adsorbed and absorbed gas systems will be compared and discussed in results and 

discussion sections.  

 Diffusion tortuosity  

The diffusion tortuosity according to the workflow successfully employed in previous 

studies [135,286] was computed as follows: 

𝜏′𝑑
2 =

𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛
(1 + β𝑎𝑏𝑠)𝐷𝑒𝑓𝑓

                                                                                                             (6.16) 
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where, 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 is transition diffusion calculated with Bosanquet equation [39], 𝜏𝑑
′  is the 

diffusion tortuosity, 𝐷𝑒𝑓𝑓 is self-diffusivity computed from MD  in circular and square 

geometry respectively. The literature reported methane diffusion tortuosity in kerogen 

micropores [286] is within an uncertainty of 2.0 to 3.6. The realistic diffusion tortuosity 

that is representative of the geometry is obtained by selecting the diffusion tortuosity value 

at equivalent high pressure computed with Eq. 6.16. Adsorption forces are negligible as 

adsorption factor, (1 + β𝑎𝑏𝑠) or (1 + β𝑎𝑑𝑠) approaches unity at very high pressure. The 

tortuosity range of 2.0 - 3.6 will serve as a constraint in the calibration of the proposed 

model with MD data for the cylindrical pore system. On the other hand, the slit-shape 

square geometry is a straight micropore with expected diffusion tortuosity of 1.0, which 

was confirmed with the theoretical Eq. 6.16. Details of model development can be found 

in the next sub-section.  

 Effective diffusion model development  

As discussed in the diffusion regime classification in section 2.3 (chapter 2), transition 

diffusion governs the overall transport in pores of sizes less than 2.0 nm at some range of 

gas pressure. Several proposed transition diffusion models are available in literature 

[39,113,114,135,136]. In summary, these models were conceptualized on averaging the 

self-diffusivity based on Knudsen and Fick’s diffusions. 

In a non-circular pore geometry system, the equivalent pore radius should be corrected for 

the geometry through a shape factor. The equivalent pore radius for a slit pore in kerogen 

with a dimension of 𝑤 × 𝑤 × ℎ was given as 𝑟̅𝑠𝑞𝑢 = (𝐴𝑝) (𝑃𝑑)⁄  [170], where 𝑤 and ℎ are 

crack width and height respectively, 𝐴𝑝 = 𝑤ℎ and 𝑃𝑑 = 2(𝑤 + ℎ) are crack cross sectional 
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area and perimeter respectively. The other tortuous pores within kerogen were assumed 

circular and denoted as 𝑟̅𝑐𝑖𝑟. 

The degree of representation of this equivalent pore radius model will be assessed using 

calibrated pore radius determined from MD diffusion calculations. Consequently, applying 

the augmented influence of nanoscale geometry tortuosity, corrected for adsorption, a 

modified effective diffusion equation in transition flow domain is obtained as follows:  

𝐷𝑒𝑓𝑓,𝑔𝑒𝑜 =
1

𝜏′𝑑,𝑔𝑒𝑜
2 (

𝐷𝑒𝑓𝑓 𝐾,𝑔𝑒𝑜𝐷𝐹

𝐷𝑒𝑓𝑓 𝐾,𝑔𝑒𝑜+𝐷𝐹
)                                                                                      (6.17)   

The effective transition diffusion is a harmonic average of effective Knudsen (Eq. 18) and 

Fick diffusion (Eq. 6.19), where, 𝐷𝑒𝑓𝑓 𝐾,𝑔𝑒𝑜 is effective Knudsen diffusion (𝑚2 𝑠⁄ ) for 

circular and square geometry and computed as follows: 

𝐷𝑒𝑓𝑓 𝐾,𝑔𝑒𝑜 =
2𝑟̅𝑒𝑓𝑓,𝑔𝑒𝑜

3
√
8𝑅𝑇

𝜋𝑀
.                                                                                              (6.18) 

Similarly, 𝐷𝐹 is Fick’s gas diffusion coefficient (𝑚2 𝑠⁄ ), and is calculated as follows: 

𝐷𝐹 =
𝜆𝑔

3
√
8𝑅𝑇

𝜋𝑀
,                                                                                                                       (6.19) 

where, all units are in standard international (SI) units and their physical consistency is 

checked. 𝑟̅𝑒𝑓𝑓,𝑔𝑒𝑜 is the effective pore expressed as difference between the equivalent pore 

radius after deformation and adsorbed gas layer thickness [170,290]: 

𝑟̅𝑒𝑓𝑓,𝑐𝑖𝑟 = 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 − 𝑟𝑎𝑑𝑠,                                                                                                     (6.20)  

and,  
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𝑟̅𝑒𝑓𝑓,𝑠𝑞𝑢 = 𝑟̅𝜎𝑒𝑓𝑓,𝑠𝑞𝑢 − 𝑟𝑎𝑑𝑠,                            (6.21) 

for circular and square geometry respectively, 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 and 𝑟̅𝜎𝑒𝑓𝑓,𝑠𝑞𝑢 are effective pore radii 

re-computed from molecular simulation after accounting for pore compressibility in the 

cylindrical pores and slit-shaped cracks respectively, as illustrated in the workflow (Figure 

39). 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 = 𝑑̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 2⁄  and 𝑟̅𝜎𝑒𝑓𝑓,𝑠𝑞𝑢 = (𝑤ℎ𝜎𝑒𝑓𝑓) 2(𝑤 + ℎ𝜎𝑒𝑓𝑓)⁄  for circular 

geometry and square geometry, respectively [170], where, ℎ𝜎𝑒𝑓𝑓 is crack height in square 

geometry under loading consideration. It is important to note that 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 = 𝑟̅𝑐𝑖𝑟 and 

ℎ𝜎𝑒𝑓𝑓 = ℎ, if the impact of pore compressibility is ignored, 𝑟𝑎𝑑𝑠 is the thickness of the 

sorbed gas layer. According to Ambrose et al. [10], adsorbed phase in organic matter using 

a carbon nanotube (CNT) follows Langmuir theory for most of the pores and takes up one 

molecule thick portion of a pore, such that 𝑟𝑎𝑑𝑠 = 𝑑𝑚𝜃. However, due to surface roughness 

of a realistic kerogen and stronger interaction, a thickness correction factor, 𝜀𝑠 was 

introduced in this work, such that, 𝑟𝑎𝑑𝑠 = 𝜀𝑠𝑑𝑚𝜃, 𝑑𝑚 is the diameter of the gas molecule 

(m), 𝜃 is dimensionless surface real gas coverage: 

𝜃 =
𝑝 𝑍⁄

𝑝𝐿+𝑝 𝑍⁄
,                                                                                                                             (6.22)  

where, Z is gas compressibility factor, and, the mean free path of the real gas, 𝜆𝑔: 

 𝜆𝑔 =
𝜇𝑔

𝑝
√
𝜋𝑍𝑅𝑇

2𝑀
                            (6.23) 

𝜇𝑔 is apparent gas viscosity (Pa. s), and 𝑝 is the pressure of gas in the pores (Pa). 

Substituting Eqs. (6.18 – 6.23) into Eq. 6.17, the proposed effective diffusion model for 

kerogen microporous structure for both cylindrical pores and slit-shaped microcracks is: 



145 

 

𝐷𝑒𝑓𝑓,𝑔𝑒𝑜 =
4

3𝜏′𝑑,𝑔𝑒𝑜
2

(

 
 

𝜇𝑔
𝑝
𝑅𝑇(𝑟̅𝜎𝑒𝑓𝑓,𝑔𝑒𝑜 − 𝜀𝑠𝑑𝑚𝑝 (𝑝 + 𝑍𝑝𝐿)⁄ )

𝑀
√2𝑍𝑅𝑇
𝜋𝑀

(𝑟̅𝜎𝑒𝑓𝑓,𝑔𝑒𝑜 − 𝜀𝑠𝑑𝑚𝑝 (𝑝 + 𝑍𝑝𝐿)⁄ )√
8𝑅𝑇
𝜋𝑀 +

𝜇𝑔
𝑝
𝑅𝑇
𝑀 √𝑍

)

 
 
            (6.24) 

In this study, 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 versus 𝜎𝑒𝑓𝑓 was obtained from simulation and fitted to Eq. 6.25a to 

derive some matrix stress constant such as effective stress required to close the pores, 𝑝1 

(Pa.) and roughness factor, 𝑚 [288,290]. Similarly, ℎ𝜎𝑒𝑓𝑓 is obtained by coupling the 

equivalent pore size equation for a very wide crack (where, 𝑤 ≫ ℎ) of square geometry 

(Song et al. [290]) and Wua et al. [288] equation that relates pore size and stress as follows 

(Eq. 6.25b): 

𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 = 𝑟̅𝑐𝑖𝑟 (
1 − (

𝜎𝑒𝑓𝑓
𝑝1

)
𝑚

1 − (
𝜎𝑒𝑓𝑓,0
𝑝1

)
𝑚)

3 5⁄

;     ℎ𝜎𝑒𝑓𝑓 = ℎ(
1 − (

𝜎𝑒𝑓𝑓
𝑝1

)
𝑚

1 − (
𝜎𝑒𝑓𝑓,0
𝑝1

)
𝑚)

3 5⁄

                (6.25) 

where, 𝜎𝑒𝑓𝑓 = 𝜎𝑐𝑜𝑛𝑓 − 𝛼𝐵𝑖𝑜𝑡𝑝, is effective stress or net overburden pressure (Pa), 𝜎𝑐𝑜𝑛𝑓 is 

confining pressure, 𝛼𝐵𝑖𝑜𝑡 is a coefficient described as follows [305,306]: 

𝛼𝐵𝑖𝑜𝑡 = 1 − (
𝐾

𝐾𝑠
) =

Δ𝜎𝑐𝑜𝑛𝑓 − 𝐾Δ𝜀𝑣

Δ𝑝
,                                                                             (6.26)     

where, 𝐾 = Δ𝜎𝑒𝑓𝑓 Δ𝜀𝑣⁄  and 𝐾𝑠 are bulk and solid modulus measured using drained and 

undrained experiments, respectively, Δ𝑝 is changes in reservoir pressure. The drained bulk 

modulus is obtained as the ratio of changes in both effective stress to volumetric strain.  
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6.3 Results 

 Petrophysical and mechanical properties  

Table 21 summarized the required input parameters required for the analysis of results in 

this study and they include pore structural, physical properties of kerogen, gas properties 

and elastic moduli. It is known knowledge that young modulus measures the stiffness of 

the materials. Primarily, this elastic parameter computed from simulation for type IID 

kerogen, obtained prior to structural adjustments, matched MD simulation results obtained 

by Wu and Firoozabadi [307]. The authors reported that the stiffness parameter is in the 

range of 1.5-3.6 GPa, after calculating the mechanical properties of type I, type II and type 

III kerogen matrix. Similarly, the range of Poisson’s ratio obtained by Wu and Firoozabadi 

[307] is from 0.24 to 0.42, and within the bracket of values obtained in Table 21. Similarly, 

the experimental stiffness modulus reported for Avalon, Bakken and Eagle ford shales is 

18.83 – 36.0 GPa [308], which shows shale is stiffer by almost a factor of 10 compared to 

organic matter. The difference in mechanical properties of kerogen and shale formation is 

due to the presence of other minerals like clay, calcite and quartz with variable 

concentration. Porosity of the material is another deciding factor, it was observed that the 

elastic parameters vary as the porosity in the structure is increased for the second and third 

structures. Evidently, the more porous materials are less stiff. 

 

Table 21 Original Structure elastic and input parameters for molecular study 

Structural initial properties and constants Ker IID-1 Ker IID-2 Ker IID-3 

Volume of cubic simulation box, Vtotal (10
−27m3) 27.93 30.63 33.658 

Molecular weight of kerogen type, Mker, (kg mol⁄ ) 2.47 2.47 2.47 
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Number of kerogen macromolecule units 12 12 12 

Avogadro’s number, 𝑁𝐴, (1023/mol) 6.023 6.023 6.023 

Mass of condensed kerogen structure, mker,  

(10−23kg) 

2.7930 3.0625 3.3659 

Density of condensed kerogen, ρker, (kg m3⁄ ) 1,000 1,000 1,000 

Molecular diameter of methane, dm, (10−9m) 0.38 0.38 0.38 

Minimum pore radius, 𝑟𝑚𝑖𝑛, (10
−9m) 0.20 0.20 0.20 

Maximum pore radius, 𝑟𝑚𝑎𝑥, (10
−9m) 0.48 0.66 0.67 

Porosity of condensed structure, ϕ (dimensionless) 16.8% 18.4% 22.4% 

Total Pore Volume, 𝑉𝑝𝑜𝑟𝑒 (10−27m3) 4.69 5.63 7.54 

Minimum kerogen tortuosity, 𝜏𝑑,𝑐𝑖𝑟
′   2.0 2.0 2.0 

Maximum kerogen tortuosity, 𝜏𝑑,𝑐𝑖𝑟
′   3.6 3.6 3.6 

Molar mass of methane gas (10−3kg) 16 16 16 

Universal gas constant, R, ((J K.mol⁄ ) 8.314 8.314 8.314 

Equilibrium temperature, T (K) 350 350 350 

Elastic properties 

Young modulus, E (GPa) 1.14 1.06 0.7 

Poisson’s ratio, 𝜐 0.38 0.34 0.28 

Bulk modulus, K (GPa) 1.54 1.13 0.54 

Shear modulus, G (GPa) 0.41 0.39 0.27 
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 Pore size distribution 

Original structures 

The detailed algorithm that was described in the methodology section was applied to the 

original structures (i.e. structures containing circular micropores excluding the introduced 

slit shape pore which is of known geometry and size). The PSDs (Figures 40a and 40b) 

showed that micropores in kerogen have a unimodal distribution with a lognormal profile. 

The Gaussian PSD revealed that the most frequently occurring pore radii in Figure 40a are 

2.7, 2.7 and 2.9 Å in structures 1, 2 and 3 respectively. Bhattacharya NPD in Figure 40b 

showed a modal pore radius of within 3.0 - 3.5 Å. Calibrating the self-diffusion 

measurements based on Newton’s method with the proposed model will give the most 

representative pore distribution function for the kerogen structures. 
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Figure 40  a) Gaussian probability distribution function b) Bhattacharya NPD function for three kerogen 

configurations under zero confined stress 

 

Effect of pore compressibility 

The role of pore compressibility on some basic pore structure parameters of the original 

three kerogen configurations such as NPD, mean pore radius and porosity is discussed in 

this subsection. As the matrix shrinks under increasing stress, the pore size distribution and 

all the associated parameters would change. Figure 41 illustrates the dependence of pore 

compressibility on the NPD of the structures. The impact of effective stress on pore radius 

less than 1.3 - 2.6 Å could be negligible relative to larger pores. This behavior is consistent 

in the three structural configurations of kerogen.  
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Figure 41  Dependency of pore size distribution on matrix stress for the three kerogen configurations (a) 

phi=16.8% (b) phi=18.4% (c) phi=22.4%. 

 

Consequently, Figure 42 shows the impact of pore compressibility on average pore size 

and porosity for the same structures, irrespective of their initial porosities. From the 

average pore radius and stress profile, a nonlinear fitting algorithm in MATLAB is utilized 

to calibrate Eq. 6.25a with a stress profile derived from post-deformation energy 

quantification to determine the pore roughness factor (𝑚) and the effective stress required 

to close the pores (𝑝1).  
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Figure 42  Impact of stress on (a) pore size and (b) porosity. 

 

Table 22 summarizes the stress fitting constants for the structures, alongside the R-squared 

values and root mean square error (RMSE) during the fittings process. The analysis 

revealed that the structure with the highest microporosity has more roughness factor than 

the least porosity. This suggests the presence of more space in the grooves or rough surface 

for methane molecules to be hosted compared to lower porosity materials. Kerogen has a 
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rougher surface compared to shale studied by Wasaki and Akkutlu [137], while the authors 

obtained a 0.5 factor, a range of 1.5 - 3.7 was obtained for the kerogen structured in this 

research. Conversely, the least porous structure has the highest closing stress. Wasaki and 

Akkutlu [137] obtained a closing stress of 179.26 Mpa in 5.0 nm nanotubes, while 554 -

1331 Mpa was determined from this study in a micropore size range of 0.76 – 0.828 nm.  

Table 22 Stress constant parameters obtained by fitting effective pore size and stress from simulation 

Structures 𝝓𝒊𝒏𝒊𝒕. = 𝟏𝟔. 𝟖% 𝝓𝒊𝒏𝒊𝒕. = 𝟏𝟖. 𝟒% 𝝓𝒊𝒏𝒊𝒕. = 𝟐𝟐. 𝟒% 

 𝑝1 (MPa) 1331 554 586 

 𝑚  1.495 1.462 3.7 

RMSE (10−10) 0.0822 0.115 0.0659 

R-squared 0.879 0.78 0.905 

 

 Sorption phenomena 

Absorption and adsorption assessments are reported in the kerogen micropores and 

microcracks respectively in this section. Again, the methane bulk density employed for the 

analysis was evaluated using the NIST- miniREFPROP experimental database software 

(see Table S3). This method has been successfully employed in the literature [149,286]. 

Figure 43 shows that the excess gas sorbed in kerogen structures does not only vary with 

temperature and pressure, but also with kerogen maturity and origin [17,19,76]. It was 

consistently observed in both geometries that more molecules are sorbed in the kerogen 

system with higher microporosity and slit-pore height.  

The excess methane sorption is more dependent on reservoir pressure compared to the 
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micropore storage capacity. In the cylindrical pores for instance (Figure 43a), the 

concentration of methane at the non-mobile phase changed by a factor of 3.0 from 2.067 

Mpa to 82 Mpa, and by less than 50% increase for a porosity change from 16.8 to 22.4%. 

For this reason, there may be a good argument that for the same material, the influence of 

porosity on the maximum absorption capacity is negligible. However, the small changes in 

pore sizes should be accounted for to ensure a reliable description of methane interactions 

with kerogen surface atoms.  

Accordingly, the absorption and adsorption factors computed with Eq. 6.11 are graphed in 

Figure 44. However, a comparison of Figure 44a and 44b revealed that, the barrier to the 

movement of methane molecules through the slit-pores undergoing adsorption is higher 

than in the cylindrical pores, which hints that the thickness of the sorbed gas layer is 

dependent on the inherent mechanism.  

In relation to the effect of sorption mechanisms, the density ratios computed by Ju [276], 

and Sun [285] in the square geometry are almost two to three times higher than in the 

cylindrical pore system (Figure 44a). It is important to note that, Ju [276] and Sun [285] 

characterized adsorption capacity in type-I kerogen and carbon nanotube respectively, 

contrary to the absorption phenomenon in a realistic kerogen with circular geometry 

described in this study.  

In terms of the influence of micropore storage capacity and pore fluid pressure, the 

absorption for instance is slightly higher in the most porous structures with 22.4% porosity 

compared to the 16.8% porosity. Investigating the role of pressure shows that, at the lowest 

pressure of 2.067 Mpa, the absorbed layer density is between 2.5 to 3.5 denser than mobile 

gas phase depending on the microporosity. This view is consistent with the computed 
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adsorbed gas density in kerogen available in the literature [10,135].  
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Figure 43  GCMC computed excess sorption amount for three kerogen structures and compared against 

experimental and molecular simulation data available in the literature; a) dissolved gas capacity b) adsorbed gas 

amount. 
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Conversely, the effect of the characteristic pore size on the adsorption process is different 

from the absorption phenomenon. Rather, the density ratio in the slit-shaped microcracks 

drops rapidly from 17 to 6 as pore height increases from 0.5 to 1.5 nm microcrack. This 

behavior suggests that the impact of adsorption will decrease as pore height increases due 

to weaker interaction of the gas molecules with the crack surface. It is noteworthy to point 

out that the Langmuir isotherm showed a great capability in predicting the density ratio in 

microporous systems experiencing sorption processes. In addition, the Langmuir 

parameters and error analysis for both geometries are summarized in Table 23. 
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Figure 44  Impact of kerogen structure and pressure on adsorption equilibrium factor a) circular pore 

experiencing absorption process and b) slit-shaped pore with adsorption mechanism 

 
Table 23 Langmuir parameters in circular and square geometry encountering absorption and adsorption 

processes respectively 

Geometry Circular Square 

Structures 𝜙𝑖𝑛𝑖𝑡.
= 16.8% 

𝜙𝑖𝑛𝑖𝑡.
= 18.4% 

𝜙𝑖𝑛𝑖𝑡.
= 22.4% 

ℎ =  0.5 𝑛𝑚 ℎ =  1.0 𝑛𝑚 ℎ = 1.5 𝑛𝑚 

𝑛𝐿 

(mmol/g) 

3.907 5.571 7.044 3.736 7.023 10.328 

𝑝𝐿 (MPa) 2.995 4.196 4.788 2.582 6.402 11.403 

RMSE 0.168 0.194 0.235 0.0895 0.0500 0.0654 

R-squared 0.839 0.761 0.787 0.875 0.993 0.991 

 

 Proposed model validation 

The predictability of the proposed model was tested with MD diffusion data measured by 
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Kazemi [29] and Sui [17] for type II-C and type II-A kerogen respectively. The data 

published by the authors was employed as input parameters in Eq. (24). It is noteworthy 

that the data presented by both Sui [17] and Kazemi [29] were performed without 

considering the effect of pore compressibility in the cylindrical kerogen pores system, such 

that 𝑟̅𝜎𝑒𝑓𝑓,𝑐𝑖𝑟 = 𝑟̅𝑐𝑖𝑟. The representative pore radius for the type IIA and type IIC kerogen 

structures will be obtained by calibrating the proposed model with the self-diffusion data.  

Table 24 summarizes the data adopted from the authors’ work. The bulk methane 

properties required for the validation like the viscosity and the gas compressibility factor 

at specified pressure and temperature were calculated using miniREFPROP experimental 

database software [149] and presented in Table S4 of the supplementary materials. Again, 

the two main uncertain parameters in these kerogen structures are the characteristics pore 

radius and diffusion tortuosity of the geometry, otherwise regarded as a tortuosity factor. 

The pore volume (𝑉𝑝𝑜𝑟𝑒) and specific surface area (𝑆𝑝𝑜𝑟𝑒) of the type II-A kerogen utilized 

by Sui 2016 are 0.181 × 10−6  𝑚3 𝑔⁄  and 1548 𝑚2 𝑔⁄  respectively.  

The characteristic radius using Brunauer-Emmett-Teller (BET) method, is computed 

as 𝑟̅𝑐𝑖𝑟 = 4𝑉𝑝𝑜𝑟𝑒 𝑆𝑝𝑜𝑟𝑒⁄ , and similarly, if assumed that the pore has a perfectly spherical 

shape, then 𝑟̅𝑐𝑖𝑟 = 3𝑉𝑝𝑜𝑟𝑒 𝑆𝑝𝑜𝑟𝑒⁄ . However, the typical pore radius obtained during fitting 

process matches 𝑟̅𝑐𝑖𝑟 = 2.4𝑉𝑝𝑜𝑟𝑒 𝑆𝑝𝑜𝑟𝑒⁄ , which hints that the pores are not perfectly 

spherical. Furthermore, an adsorption-free tortuosity of 2.8 was obtained, which is within 

a close proximity to the range of 2.0-3.6 reported literature.  

Similarly, the proposed model closely resembles the Kazemi [29] MD methane diffusion 

data measured for kerogen type II-C structure with a representative pore radius and 

diffusion tortuosity of 0.55 nm and 2.0 respectively. The effective transport of methane in 
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type II-C determined by Kazemi [29] is higher than in kerogen type II-A by Sui [17]. The 

discrepancy in measured self-diffusivity is attributed to the structural configuration, as 

reflected in the higher accommodation size and less tortuous geometry in type II-C 

employed by Kazemi [29].  

 

Table 24 MD simulation diffusion data from kerogen type II-A [17] and II-C [29] for validating proposed model 

Parameters Symbol Unit 
Sui [17] 

values 

Kazemi [29] 

values 

Pressure  p Pa Table S3 Table S3 

Temperature T K 298 300 

Viscosity 𝜇𝑔 Pa. s Table S3 Table S3 

Representative 

pore size 
𝑟̅𝑐𝑖𝑟 m 0.405 × 10−9 0.55 × 10−9 

Gas deviation 

factor 
Z dimensionless Table S3 Table S3 

Langmuir 

pressure 
𝑝𝐿 Pa 0.93 × 106 1.1 × 106 

Universal gas 

constant 
R J/Kmol 8.314 8.314 

Gas molecular 

size 
𝑑𝑚 m 0.38 × 10−9 0.38 × 10−9 

Gas molecular 

mass 
M Kg/mol 0.0016 0.0016 

Diffusion 
𝜏𝑑,𝑐𝑖𝑟
′  dimensionless 2.8 2.0 
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tortuosity 

Adsorbed layer 

correction 
𝜀𝑠 dimensionless 1.0 1.0 

 

The graphs illustrating the predictability of the proposed effective diffusion equation 

against two independent MD simulation effective diffusion data in microporous kerogen 

structures are given in Figure 45.  

 

  

Figure 45  Validation of proposed effective diffusion model in kerogen using MD diffusion data utilized by a) 

Kazemi [29] b) Sui [17] 

 

Figure 46 shows, in a combined validation data plot, that the proposed model is reliable 

across a wide pressure range from 1.0 Mpa to 30 Mpa. Moreover, the accuracy is higher at 

higher pressure compared to lower pressure states where Knudsen diffusion becomes 

extremely significant. Afterwards, the MD diffusion data obtained for the kerogen type II-

D in this study was employed to calibrate the proposed model, and extract relevant pore 

structural features for this type of kerogen structure.  
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Figure 46  Combined MD diffusion data across pressure range of 1-30 Mpa employed for model validation 

 

 Effective diffusion  

Original structure 

Figure 47 shows the comparison of effective diffusion from MD simulation and proposed 

model for a wide range of pressure from 2.068 Mpa to 82.68 Mpa in a type IID structure. 

The simulation is compared to the model performance in both circular and square 

geometries. There is a reasonable agreement between the model and simulation data, and 

this assurance proves the viability of the model as a calibration tool for further predictive 

and sensitivity studies in organic component transport of shale reservoirs. Sorption 

mechanisms had a relatively more pronounced effect on self-diffusion at low pressure 

because of high Knudsen diffusion relative to compressed gas diffusion. The observed 

density ratio reduces until a saturation pressure is reached where it flattens out due to 

gradual reduction of Knudsen flow process. In other words, as pressure increases, sorption 

forces of methane molecules gradually drop relative to the pressure loading of the 

molecules. This is envisioned as the decrease in density ratio in both adsorbed and absorbed 

gas phases. Above 10-20 Mpa, absorption interaction potential is small due to the 
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molecular loading interactions. This gradual growth in the role of molecular mean free path 

takes place at much higher pressure above 40 MPa in the slit-shape adsorption process 

when Knudsen effect drops drastically.  

For both sorption processes, there is a reduction in the mass transfer of methane molecules 

when the gas molecules are further compressed under pressure loading, resulting in an 

additional barrier to gas transport. Several authors have computed diffusion tortuosity that 

is reflective of the kerogen geometry at this condition when Knudsen effect is negligible 

[135,286]. It is intuitive that the effective diffusion will be directly correlated to 

microstructure porosity and slit pore height [206] as shown in Figure 47. In addition, 

sorption forces severely affect the effective diffusion at a pressure state that is below the 

critical pressure where Knudsen diffusion is very strong. Ignoring the sorption forces at 

low pressure would significantly overestimate the effective diffusion. Table 25 shows the 

updated representative pore radius, sorbed layer thickness correction and diffusion 

tortuosity obtained from the calibration of the proposed model using self-diffusion data 

from molecular dynamics simulation. The root mean square error (RMSE) between the 

model and MD data was also reported in Table 25. 

 

Table 25 Updated pore structural and stress constant parameters utilized for calibrating proposed model to self-

diffusion data for type IID kerogen system of circular and square geometry. The data of the first case was not 

reported as Brownian’s motion couldn’t be reached for the first structure with high certainty. 

Geometry Kerogen tortuous “circular” 

pores 

Slit shape “square” pore 

Structures 𝝓𝒊𝒏𝒊𝒕.

= 𝟏𝟖. 𝟒% 

𝝓𝒊𝒏𝒊𝒕.

= 𝟐𝟐. 𝟒% 

𝒉 

=  𝟎. 𝟓 𝒏𝒎 

𝒉 

=  𝟏. 𝟎 𝒏𝒎 

𝒉 

= 𝟏. 𝟓 𝒏𝒎 
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 𝒓̅ (10-9 nm) 0.26 0.24 0.19 0.39 0.58 

 𝜺𝒔  0.46 0.00 0.44 0.91 1.36 

𝝉𝒅
′  3.19 3.11 1.0 1.0 1.0 

RMSE (10-5) 0.76 0.71 3.38 7.70 9.15 

 

 

Figure 47  Impact of pressure, adsorption, and pore structure effect on effective diffusion 

 

In general, the representative pore size and diffusion tortuosity obtained from the 

calibration exercise is within the expected theoretically ranges computed in Table 21. 

Interestingly, Table 21 showed the typical pore radius of the tortuous structures is within 



165 

 

2.4-2.6 Å, which better matched the prediction of Gaussian rather than Bhattacharya PSD 

in Figure 40. The equivalent pore radius for the square geometry almost follows perfectly 

with the equation, 𝑟̅𝑠𝑞𝑢 = (𝐴𝑝) (𝑃𝑑)⁄  by [170]. The Song [170] model is representative for 

the slit-shaped pores utilized for their studies and gives equivalent pore radius of 0.22, 0.40 

and 0.5 nm for pore heights of 0.5, 1.0 and 1.5 nm respectively. Meanwhile, MD diffusion 

calibration gives an equivalent pore radius of 0.19, 0.39 and 0.58 respectively. On the other 

hand, the adsorbed gas thickness multiplier, 𝜀𝑠, is observed to be directly proportional to 

the increases in pore heights. 

Influence of pore compressibility  

The proposed model has the robustness to couple the sorption and geomechanics.  To avoid 

erroneous results in assuming that  𝑝𝐿 , is unchanged with stress, the sensitivity study will 

only consider the effect of pore compressibility. The impact of wide range pore 

compressibility on effective diffusion is given in Figure 48 for the three structures with 

different initial porosities. It is notable from Figure 48 that the effective diffusion is more 

sensitive to gas pressure and pore compressibility changes compared to variable 

microporosity of the bulk kerogen undergoing absorption process. Nevertheless, the 

predicted effective diffusion in Figure 48 will be higher than actual results if the changes 

in adsorbed gas layer with Langmuir pressure 𝑝𝐿 is integrated in the calculations.  
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Figure 48  Impact of pressure and stress on effective diffusion (a) phi=16.8% (b) phi=18.4% (c) phi=22.4% 
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6.4 Conclusions 

This study computationally measured the mechanical properties, sorption and methane 

diffusivity in both kerogen geometries. Furthermore, a coupled diffusivity-mechanical-

sorption model, which was validated by MD and GCMC simulation data for both 

cylindrical and slit-shaped pore systems, was proposed. The following major conclusions 

can be drawn: 

• Computationally generated data could serve as a useful calibration tool for the 

proposed multiphysics-based effective diffusion model. The equation is accurate in 

predicting effective diffusion in different kerogen type II-A, II-C and II-D 

configurations and over a wide range of pressure. 

• Gaussian distribution function showed that kerogen structure is log-normally 

distributed, exhibits a unimodal pore profile and best describes a characteristic pore 

size in circular pores geometry. There is no unique fitted model based on spherical 

or circular pore shape assumptions to describe the local pore heterogeneity and 

characterize the representative pore size in kerogen. 

• Methane is present as an absorbed phase within kerogen and adsorbed on the 

surfaces. The transport barrier created by adsorbed gas is higher compared to 

absorbed gas systems of equivalent pore sizes. The role of adsorption as an 

augmented barrier to methane transport becomes smaller as microcrack sizes 

increase. 

• The number of larger pores reduces while the smaller pores volume remains 

relatively constant in a microporous kerogen structure (<2nm pore sizes) under the 

influence of pore compressibility.  
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7 CHAPTER 7 

PERMEABILITY MODEL FOR SHALE AND ULTRA-

TIGHT GAS FORMATIONS: CRITICAL INSIGHTS 

INTO THE IMPACT OF DYNAMIC ADSORPTION4  

Abstract 

Gas transport in ultra-tight rock is non-Darcian. In addition to continuum flow, there are 

multiple other flow mechanisms such as slip flow and pore and surface diffusion. Various 

multi-physics models have been put forth in the literature to forecast the apparent 

permeability of gas in shales and ultratight formations. However, a means of accurately 

describing the relative contributions of physics in multiscale pore systems remains a 

challenge. Moreover, it is important to explain pore size, pressure dependency, and the 

relationships among adsorption, diffusion, and permeability in porous media. For these 

reasons, a semi-analytical model is proposed to predict gas permeability according to the 

viscous flux, pore diffusion and surface diffusion and establish control of the adsorbed gas 

layer. The reliability of the equations developed was checked by validation using 

                                                 

 

 

4 This chapter is copied from the manuscript: C Afagwu, S Alafnan, MA Mahmoud, S Patil (2021). 

Permeability model for shale and ultra-tight gas formations: Critical insights into the impact of dynamic 

adsorption. Energy Reports 7, 3302-3316.  
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experimental and molecular simulation data obtained from macropore- and micropore-

sized nanotubes systems respectively. Furthermore, the equations’ performance for 

micropores was compared to existing theoretical shale permeability models. The 

subsequent sensitivity analysis showed that permeability is sensitive to the nanoscale 

geometry factor and adsorption mechanisms. Moreover, the relevance of the surface 

diffusion was found to increase as the pore size decreased. For instance, surface diffusion 

constituted over 50% of the apparent permeability below the 10 MPa and 5.0 MPa 

conditions in micro- and mesopore systems, respectively, while the Darcy scale 

phenomenon controlled the transport of gas in macropores. Across all diffusion regimes, 

the microstructure geometry and sorption dynamics significantly influenced the total 

diffusion of methane, particularly at low pressures and decreased pore sizes. The decline 

in reservoir pressure during production shifted the relative importance of the adsorption 

and diffusion mechanisms, consequently altering the apparent gas permeability. Therefore, 

reservoir management teams should consider the dynamics of gas permeability at different 

pressures and representative pore sizes throughout the life cycle of the asset. 

 

Keywords: Apparent gas permeability, Shale gas, Tight formation, Diffusion tortuosity, 

Adsorption behavior 

7.1 Introduction 

Several researchers developed models coupling slippage and pore diffusion on multiple 

pore scales in order to predict gas permeability. Javadpour [309] forecasted gas 

permeability in the nanopores of mud rocks; predictions were based on rock and gas type 

and operating conditions and accounted for slip flux and Knudsen diffusion. Ziarani and 
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Aguilera [310] proposed a model for estimating permeability in tight sand as a function of 

Knudsen diffusion. Darabi et al. [311] applied the apparent permeability function to predict 

the intrinsic permeability of ultra-tight shale rock. The authors showed that Knudsen 

diffusion constitutes 10-fold the Darcy and slippage flux values in very low permeability 

rocks. Singh and Javadpour [312] presented a non-empirical model that integrates the 

effects of the pore geometry factor and rock and gas properties to predict permeability in 

ultra-tight formations. The authors suggested that slip flux is indistinguishable from 

Knudsen diffusion in transition regimes, and thus classified transport in the transition 

domain as viscous Knudsen diffusion. Guo et al. [313] opined that gas slippage and 

Knudsen diffusion would be difficult to isolate; therefore, the authors introduced an 

advection-diffusion model to correct for the total slippage in nanopores of shale gas rock. 

The models discussed couple viscosity and pore diffusion transport in tight and ultra-tight 

formations. These models assume that the energy associated with the interaction of gas and 

rock is negligible. It is noteworthy that chemical potential exists in a material when 

chemical attraction interactions exist between molecules of the adsorbent and gas. This 

phenomenon gives rise to an adsorbed layer that possesses a phase density that depends on 

pore size characteristics, gas properties, and operating condition [88].  

Some researchers have derived transport models to account for the surface diffusion of gas 

molecules in the adsorbed phase [22, 27] in systems undergoing adsorption/desorption. 

Gonciaruk et al. [111] used adsorption microcalorimetry to show that gas storage and 

recovery mechanisms in shale are governed by both the nanoscale pore geometry and 

chemical composition of the gases. Cui et al. [314] developed a model that uses a pressure-

decay test to correct for adsorbed layer gas diffusion during experimental measurements of 
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permeability in tight rocks. Wu et al. [116], Yanfeng et al. [112], Cai et al. [113], and Geng 

et al. [136] independently developed semi-analytical permeability equations to estimate the 

relative contributions to gas permeability of various transport mechanisms existing in shale 

nanopores, including viscosity (or slippage), Knudsen diffusion, transition, and surface 

diffusion. The results of their work showed that relative to viscous flux, surface diffusion 

is a more dominant transport flux at pressure states below 10 MPa; Darcy flow equations 

control the total transport flux in pore sizes larger than 100 nm. Similarly, Wasaki and 

Akkutlu [137] derived a model to capture surface diffusion, pore diffusion, and slit-shaped 

macropore-sized flux in shale. In addition, the authors corrected for the effective stress 

factor in viscous flux permeability.  

There are various formulations of empirical, semi-analytical, and analytical equations for 

calculating the apparent permeability of multi-scale pore systems. Nevertheless, the inter-

relationship between the pore geometry factor and adsorption behavior across the entire 

range of pore scales and pressure variations is rarely considered. Notably, commonly 

available models employ a constant factor that is independent of combined pore size and 

pressure to represent the adsorbed gas layer in surface diffusion.  In the present research, a 

semi-analytical permeability model was developed for shale and tight reservoirs that 

depends on dynamic adsorption behavior.  In addition, pore diffusion is modeled as a step 

function of Fick, Knudsen, or transition diffusion, depending on the transport regime. It is 

of note that sorption mechanisms and pore diffusion occur simultaneously, and the degree 

of their occurrence depends on the Knudsen number regime, a dimensionless parameter 

that quantitatively represents the flow domain as a function of pressure, pore size, and fluid 

properties. In the proposed model, diffusion coefficients are connected to the dynamic 



172 

 

adsorption phenomenon through the pore scale geometry factor. The remainder of this 

study is organized as follows. Section 7.2 explained the equations commonly used to 

quantitatively describe pore scale geometry and its relationship to the adsorption and 

recovery processes. In Section 7.3, a rigorous model is proposed that integrates the 

microstructure parameters and adsorption behavior in the prediction of apparent gas 

permeability. In Section 7.4, the model is validated with experimental and molecular 

simulation data. In addition, compared to widely available theoretical models on various 

pore scales. A sensitivity analysis is performed in Section 7.5 to study the effects of 

pressure, pore diameter, the geometry factor, and adsorption dynamics. In addition, a 

discussion of how to compute a representative pore size that accurately describes the 

apparent permeability is provided in Section 7.6. Key findings and implications are 

summarized in Section 7.7.  

7.2 Modeling Pore-Scale Geometry in Porous Media 

Tortuosity, a general term that represents the average fluid stream elongation compared to 

free flow, is one concise parameter widely employed to describe the quantitative effect of 

pore scale geometry on recovery. There are a number of empirical and theoretical equations 

that relate to tortuosity as a function of effective porosity [315–319]. Table 26 provides a 

summary of a number of simplified theoretical and empirical tortuosity models commonly 

cited in the literature. The empirical equations were derived from laboratory experiments 

performed under ideal grain arrangements. In other words, in these experiments, the pore 

sizes were uniform and mainly represented homogeneous rock. Furthermore, the grains 

were presented in an ordered packing arrangement and not compacted, and a single 

capillary tube of porous media with one conductive pathway was assumed [320]. For 
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instance, the models by Iversen and Jorgensen [321] and Sweerts et al. [322] are only 

accurate at 𝜙 ≥ 0.275 and 𝜙 ≥ 0.4, respectively, a range of porosity not typical for 

organic-rich shale. Hence, typical tortuosity models are limited to the larger pores in shale. 

Moreover, these models do not completely reflect the consolidated nature of matrix grains 

in actual organic-rich shale with more than one conductive pathway and primarily low-

diffusivity flow systems.  

 

Table 26 Empirical and Theoretical Tortuosity Models Defined in Terms of Some Rock Properties 

Empirical Model  

Condition(s) Satisfied 

(Geometry/Rock Type)  

 

Reference(s) 

𝝉𝟐 = (𝑨𝝓(𝟏−𝒎))
𝒏
 

Sands and muds (model 

accurate at the best least 

square fitting parameter of 

A, n = 1, 𝑚 = 2.14 ± 0.02 

and 𝑅2 = 0.54) [132] 

Lerman [315]; 

Ullman and Aller 

[316]; Boudreau 

[317]; van Cappellen 

and Gaillard [323] 

𝝉𝟐 = 𝝓 + 𝑩(𝟏 − 𝝓) 

Soils, catalyst (model 

accurate at the best least 

square fitting parameter of  

𝐵 = 3.79 ± 0.1 and 𝑅2 =

0.63) [132] 

Iversen and 

Jorgensen [321]; 

Dowdy and Low 

[324] 
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𝝉𝟐 = 𝟏 − 𝑪𝑰𝒏𝝓 

Fine-grained unlithified 

sediments (model accurate 

at the best least square 

fitting parameter of  

𝐶 = 2.02 ± 0.09 and 𝑅2 =

0.64) [132] 

Boudreau [317]; 

Weissberg [139] 

𝝉 = 𝟏 + 𝒂
(𝟏 − 𝝓𝒕𝒐𝒕)

(𝝓𝒕𝒐𝒕 −𝝓𝒄)𝒎
 

Large 3D fiber web to rep. 

random porous media; 

𝑎, 𝜙𝑐 , and 𝑚  are fitting 

parameters, where 𝜙𝑐 is the 

fraction of unconnected 

pores 

Koponen et al. [325] 

Theoretical Model  

Condition(s) Satisfied 

(Geometry/Rock Type)  

 

Reference(s) 

𝝉𝟐 = (𝟑 − 𝝓) 𝟐⁄  

Random homogeneous and 

isotropic sphere packing 

[132] 

Neale and Nader 

[326] 

𝝉𝟐 = 𝟐 − 𝝓 

Hyperbola of revolution 

[132] 

Petersen [327]; 

Rayleigh [318] 
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𝝉𝟐 = 𝝓−𝟏/𝟐 

Not for mono-sized spheres 

[132] 

Bruggeman [328] 

𝝉𝟐 = 𝝓−𝟏/𝟑 

Partly saturated, 

homogeneous, and isotropic 

[132] 

Millington [319]; van 

Brakel and Heertjes 

[329] 

𝝉𝟐 = 𝟏 − 𝟎. 𝟓𝑰𝒏(𝝓) Overlapping spheres [132] 

Akanni et al. [330]; 

Ho and Striender 

[331]; van Brakel and 

Heertjes [329]; 

Weissberg [139] 

𝝉𝟐 = 𝟏 − 𝑰𝒏 𝝓 

Random array of freely 

overlapping cylinders [132] 

Tomadakis and 

Sotirchos [332] 

𝝉𝟐 = 𝝓 {𝟏 − (𝟏 −𝝓)𝟏/𝟑}⁄  

Heterogeneous catalyst 

[132] 

Beeckman [140] 

𝝉𝟐 = {(𝟐 − 𝝓) 𝝓⁄ }𝟐 

Cation-exchange resin 

membrane 

Jackie and Meares 

[333] 

Depending on the mineralogy, environment of deposition, and depositional processes, 

typical shale rocks  in carbonates have porosity values of 1% to 35% [334]. Interestingly, 

equations have recently been developed to compute tortuosity to gas diffusion in very low 

permeability materials. Such models have gone through several modifications for sorption-
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related studies, from diffusion-tortuosity to adsorption-diffusion-tortuosity equations. 

Table 6 (chapter 2) summarizes some of these models. 

 

7.3 Pore-Scale Modeling of Gas Flux 

 Continuity Equation 

The mass balance equation for a three-dimensional shale system with multiple mechanisms 

such as viscous flux, bulk phase pore diffusion, and adsorbed phase surface diffusion can 

be written as [28, 68]: 

                         −∇. 𝐽 =  
𝜕

𝜕𝑡
(𝜙𝜌 + (1 − 𝜙)𝜌𝑎𝑑𝑠),                                                     (7.1) 

where 𝜙 is the porosity, 𝜌 is the gas density in the bulk phase (𝑘𝑔 𝑚3⁄ ), 𝜌𝑎𝑑𝑠 , is the 

adsorbed phase gas density (𝑘𝑔 𝑚3⁄ ), ∇= [𝜕 𝜕𝑥; ⁄ 𝜕 𝜕𝑦; ⁄  𝜕 𝜕𝑧 ⁄  ] is the divergence (1/𝑚), 

t is the time (𝑠), and 𝐽 is the total mass flux induced by various gas flow regimes (𝑘𝑔/𝑚2𝑠). 

The bulk density is obtained by an equation of states or the NIST experimental database 

software. The adsorbed gas density is determined by fitting the excess adsorption data into 

an isotherm model or from density functional theory. Some scholars [33, 69–71] have used 

the Langmuir three-parameter model (Eq. (7.2)) to fit the excess data for pressure up to 30 

MPa (4,351 psi), determining the adsorbed phase volume, maximum adsorbed capacity for 

the adsorbent, and corresponding Langmuir pressure required, which are represented as 

𝑉𝑎𝑑𝑠, 𝑛𝐿, and 𝑝𝐿, respectively.  

                            𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛𝐿
𝑝

𝑝𝐿 + 𝑝
− 𝜌(𝑝, 𝑇)𝑉𝑎𝑑𝑠.                                             (7.2)  
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However, the modified monolayer model does not account for adsorbate-adsorbate 

interaction (physisorbed gas molecules). In addition, some discrepancies can be anticipated 

in moderate to high-pressure gas sorption cases. Thus, a multi-layer isotherm like 

Freundlich [278] can be used to account for both adsorbate-adsorbate and adsorbate-

adsorbent interactions. The Freundlich three-parameter empirical model is as follows: 

                                    𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑘𝑓𝑝
𝛼 − 𝜌(𝑝, 𝑇)𝑉𝑎𝑑𝑠,                                                       (7.3) 

where 𝑘𝑓 and 𝛼 are the Freundlich empirical constants; consequently, the absolute 

adsorption capacity 𝑛 is determined as follows [33, 73]: 

                                 𝑛 = 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 + 𝜌(𝑝, 𝑇)𝑉𝑎𝑑𝑠,                                                              (7.4)  

where 𝑝 is the pressure (Pa),  𝑛𝐿 is the maximum adsorption capacity, and 𝑝𝐿 is the 

Langmuir pressure. Then, the adsorbed gas density can be computed as 𝜌𝑎𝑑𝑠 =

𝑛 𝑉𝑎𝑑𝑠⁄ , (𝑚𝑜𝑙 𝑚3⁄ ), where 𝑉𝑎𝑑𝑠 is the adsorbed phase volume (𝑚3 𝑘𝑔⁄ ). Finally, the 

adsorption equilibrium factor 𝛽 is the ratio of the adsorbed phase concentration to mobile 

phase concentration  [63, 64]. The overall flux in a porous media is the sum of the 

individual fluxes, including the viscous flux 𝐽𝑉, pore diffusion flux 𝐽𝑃, and surface 

diffusion 𝐽𝑆 [112]: 

                                                𝐽 = 𝐽𝑉 + 𝐽𝑃 + 𝐽𝑆      .                                                                (7.5) 

It is noteworthy that the choice of model for describing gas transport in a system depends 

on the flow regime.  The Knudsen number is a parameter widely employed to classify these 

flow domains. The dimensionless parameter is defined as follows [17, 74]:   
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                                           𝐾𝑛 =
𝜆

2𝑟
   ,                                                                         (7.6) 

where 𝜆 =
𝜇

𝑝
√
𝜋𝑍𝑅𝑇

2𝑀
 is the mean free path of molecules with a real gas effect (𝑚) [287], 𝑟 =

𝑑 2⁄  is the pore radius (𝑚), 𝑑 is the pore diameter, 𝑅 = 8.314(𝐽 𝐾.𝑚𝑜𝑙⁄ ) is the universal 

gas constant, T is the temperature (𝐾), Z is the gas compressibility factor, M is the molar 

mass (𝑘𝑔/𝑚𝑜𝑙), and 𝜇 is the gas viscosity (𝑃𝑎. 𝑠). Based on the Knudsen number 

classification, there are three regimes of shale gas diffusion in nanopores – Fick’s, 

transition, and Knudsen diffusion – with 𝐾𝑛 ≤ 0.1, 0.1 < 𝐾𝑛 < 10, and 𝐾𝑛 ≥ 10, 

respectively [105]. Technically, from Figure 9 (chapter 2), the Fick’s domain suggests 

that the intermolecular interaction of the molecules exceeds the collision of gas molecules 

with the wall. Conversely, at a lower pressure or smaller pore diameter, a reverse 

phenomenon sets in to give rise to the Knudsen domain [309]. Transition diffusion is 

difficult to describe, and there are several models available. The Bosanquet et al. [337] 

approximation is most commonly used in the literature.  

Viscous flux exists when there is a negligible or no collision of gas molecules with pore 

walls. Thus, in the presence of viscous flux, gas movement near the wall, and/or diffusion 

flux, Karniadakis and Beskok [117] presented a generic classification of flow regimes: 

continuum 𝐾𝑛 ≤ 0.001, slip 0.001 < 𝐾𝑛 < 0.1, transition 0.1 < 𝐾𝑛 < 10, and Knudsen 

𝐾𝑛 ≥ 10. Viscous flux describes both the continuum and slippage transport mechanisms  

[14, 23]. A schematic of the different diffusion regimes as presented in Figure 9 (chapter 

2). Similarly, using the dimensionless Knudsen number, variations in the methane diffusion 

regime with pore scales and pressure states for microporous materials are shown in Figure 

49. There is an obvious switch to a transition and Knudsen diffusion regime at higher 
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Knudsen numbers or low pressure and pore sizes. The image was focused within a pore 

size and pressure of 0 to 5 nm and 2 to 14 Mpa to allow for clear visualization of the 

Knudsen diffusion regime. 

 

Figure 49  Methane gas Knudsen number based on pore scale and pressure state at 350 K. 

 

 Viscous Flow 

The equation of laminar flow for an ideal gas in a circular tube, derived from Hagen-

Poiseuille’s equation [338] and corrected for the gas slippage effect, can be applied to 

describe viscous flux: 

                                              𝐽𝑉 = −
𝐹𝜌𝑟2

8𝜇
∇𝑝 ,                                                          (7.7) 

where F is the conceptual dimensionless coefficient that corrects for additional flux, due to 

the non-zero velocity of gas close to the wall [14, 17, 78]: 
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                               𝐹 = 1 + (
8𝜋𝑅𝑇

𝑀
)
0.5 𝜇

𝑝𝑎𝑣𝑔𝑟
(
2

𝛼
− 1)  ,                                        (7.8) 

where 𝑝𝑎𝑣𝑔 is the average pressure (Pa) and 𝛼 is tangential momentum accommodation 

coefficient (TAMAC), which indicates the fraction of diffused gas molecules reflected 

from the tube wall relative to the specular reflection. It is a function of surface roughness, 

pressure, and temperature, and can be determined experimentally for specific mud rock 

systems. Noticeably, Brown et al. [339] accounted for gas slippage with an experiment 

performed in a vacuum. In other words, the correction model is mainly accurate at low-

pressure conditions and in large-volume vacuums, depicting ideality. For this reason, in a 

confined pore state, the flow regimes change and other fluxes (like pore diffusion) set in. 

Shale transport is multiscale and multi-physical, so in addition to viscous flux, pore 

diffusion takes place when as pore size decreases, gas collides with the wall [42].  

 Pore Diffusion 

Pore diffusion is classified based on the Knudsen number as either Fick, transition, or 

Knudsen diffusion (Figure 49) [105]. In the presence of viscous flux, the gas mass pore 

diffusion flux modified after Yanfeng et al. [112], corrected for the microstructure 

geometry and adsorbed gas film effect on pore diffusion, can be written as: 

                                          𝐽𝑃 = −𝐷𝑒𝑓𝑓∇𝜌 ,                                                                     (7.9) 

where 𝐷𝑒𝑓𝑓 is the effective pore diffusion of the gas (𝑚2/𝑠), corrected for adsorption and 

tortuosity. In addition, the bulk density of a real gas is as follows: 

                                             𝜌 =
𝑝𝑀

𝑍𝑅𝑇
 .                                                                         (7.10)  
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Thus, Eq. (7.9) can be rewritten as: 

                                               𝐽𝑃 = −
𝑀𝐷𝑒𝑓𝑓

𝑍𝑅𝑇
∇𝑝  .                                                          (7.11) 

                                         𝐷𝑒𝑓𝑓 =
𝐷𝑝

𝜏𝑑
2(1+𝛽)

,                                                                (7.12) 

where 𝛽 = 𝜌𝑎𝑑𝑠 𝜌⁄  is the adsorption equilibrium factor and 𝜏𝑑 is the diffusion tortuosity 

for pure geometry. The adsorption-diffusion tortuosity model (Eq. 7.12) describes the 

relationship between effective diffusion and unrestricted pore diffusion in the bulk phase 

[63, 64, 80]. More importantly, the adsorbed gas density is not constant, but rather varies 

with pressure [88]. Therefore, an isotherm model based on a constant volume (as opposed 

to a constant density) is more suitable for parametrizing the excess adsorption data in order 

to determine the dynamic adsorbed gas density as it varies with pressure. It is important to 

understand that the adsorbed phase affects the molecular movement, and hence the pore 

diffusion, as it changes with the pressure of the gas molecules. Again, this effect is 

quantified with the adsorption factor 𝛽, which is the ratio of adsorbed phase concentration 

to mobile phase concentration [129]. A non-empirical and dynamic molecular diffusion 

factor in the pore (𝜔𝑚𝑝) and surface diffusion flux (𝜔𝑚𝑠) that is dependent on the 

adsorption equilibrium factor is introduced below, such that 𝜔𝑚𝑝 = 1 (1 + 𝛽)⁄  and  𝜔𝑚𝑠 =

1 − 𝜔𝑚𝑝. At a very large 𝛽 value, 𝜔𝑚𝑝 ≈ 0 and 𝜔𝑚𝑠 ≈ 1, suggesting that the contribution 

from the molecular diffusion is negligible compared to the surface diffusion of the adsorbed 

gas. At reference pressure and temperature conditions, 𝐷𝑒𝑓𝑓 and 𝛽 are determined through 

molecular simulation; consequently, the diffusion tortuosity can be computed [81]. Eq. 
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(7.12) can then be substituted into Eq. (7.11) to determine the second pore diffusion mass 

flux: 

                              𝐽𝑃 = −
𝜔𝑚𝑝𝑀

𝑍𝑅𝑇

𝐷𝑝

𝜏𝑑
2 ∇𝑝 ,                                                                        (7.13) 

where 𝐷𝑝 is the pore diffusion with the real gas effect described by a step function, as 

follows: 

                   𝐷𝑝 =

{
 
 

 
 

 

𝐷𝐹𝑖𝑐𝑘 =
𝜆

3
√
8𝑅𝑇

𝜋𝑀
, 𝐾𝑛 ≤ 0.1

𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =
𝐷𝐹𝐷𝐾

𝐷𝐹+𝐷𝐾
, 0.1 < 𝐾𝑛 < 10  

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 =
2𝑟

3
√
8𝑅𝑇

𝜋𝑀
, 𝐾𝑛 ≥ 10 

                            (7.14)      

If 𝐷𝑒𝑓𝑓 is measured experimentally or from an MD simulation [63, 64], then Eq. (7.11) 

should be used; otherwise, Eq. (7.14) is suitable to compute pore diffusion, provided that 

the pore geometry and adsorption equilibrium factor are known. 

 Surface Diffusion 

Wu et al. [21, 82] derived surface diffusion mass flux based on the Maxwell-Stefan method, 

modified as follows: 

                                    𝐽𝑆 = −𝐿𝑚𝜉𝑚𝑠𝜌𝑎𝑑𝑠∇𝜇                                                                 (7.15) 

and  

                                                 𝜇 = 𝜇𝑜 + 𝑅𝑇𝐼𝑛(𝑝)                                                             (7.16) 
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where 𝐿𝑚, 𝜉𝑚𝑠 = (1 −
𝑑𝑚

𝑟
)
−2

− 1, 𝜇𝑜 , and 𝜇 are the gas mobility (𝑚𝑜𝑙. 𝑠/𝑘𝑔), shale 

surface diffusion correction coefficient, reference chemical potential (𝐽 𝑚𝑜𝑙⁄ ), and 

chemical potential, respectively. Here, the 𝜉𝑚𝑠 factor is replaced with 𝜔𝑚𝑠, a dynamic 

surface diffusion factor that depends on the adsorption equilibrium. 

                                  𝐽𝑆 = −
𝐿𝑚𝜔𝑚𝑠𝜌𝑎𝑑𝑠𝑅𝑇∇𝑝

𝑝
                                                           (7.17) 

Recall that the surface diffusivity 𝐷𝑠 is modeled after Chen et al. [83] and Wu et al. 

[116]:  

                𝐷𝑠 = 𝐷𝑠
𝑜
(1 − 𝜃) +

𝜅
2𝜃
(2 − 𝜃) + [𝐻(1 − 𝜅)](1 − 𝜅)

𝜅
2 𝜃

2

(1 − 𝜃 +
𝜅
2𝜃)

2 ,                    (7.18) 

where 𝐷𝑠
𝑜 and 𝜃 are the surface diffusion coefficient at zero loading and the loading 

factor, respectively:  

                                          𝐷𝑠
𝑜 = 𝐿𝑚𝑅𝑇,                                                                           (7.19) 

                                               𝜃 =
𝑝

𝑝 + 𝑝𝐿
,                                                                     (7.20) 

and 

                                   𝐻(1 − 𝜅) = { 
0, 𝜅 ≥ 1 
 1,    0 ≤ 𝜅 ≤ 1

,                                                 (7.21) 

 where 𝜅 =
𝜅𝑏

𝜅𝑚
 is the surface gas molecule block coefficient, 𝜅𝑏 is the blocking velocity 

coefficient, 𝜅𝑚 is the migration velocity coefficient of the gas molecules, and 𝐻(1 − 𝜅) is 
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a Heaviside function. If 𝜅𝑚 ≫ 𝜅𝑏, surface diffusion will occur and 𝜅 will approach zero. 

Consequently, Eq. (7.18) can be reduced as follows: 

                                              𝐷𝑠
𝑜 = 𝐷𝑠(1 − 𝜃) .                                                           (7.22) 

Further, combining Eqs. (7.19) and (7.22) and solving for 𝐿𝑚: 

                                           𝐿𝑚 =
𝐷𝑠(1 − 𝜃)

𝑅𝑇
  .                                                         (7.23) 

Finally, substituting Eq. (7.23) into Eq. (7.17) to obtain the final form of surface diffusion 

yields: 

                                  𝐽𝑆 = −
𝐷𝑠(1 − 𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠∇𝑝

𝑝
 .                                              (7.24) 

 Total Gas Mass Flux and Apparent Permeability 

The total mass flux 𝐽𝑇, which is the sum of the continuum/slip flux, pore diffusion, and 

surface diffusion fluxes 𝐽𝑇, is determined by substituting Eqs. (7.7), (7.13), and (7.24) 

into Eq. (7.5), giving: 

                             𝐽𝑇 = −(
𝐹𝜌𝑟2

8𝜇
+
𝜔𝑚𝑝𝑀

𝑍𝑅𝑇

𝐷𝑝

𝜏𝑑
2 +

𝐷𝑠(1−𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠

𝑝
)∇𝑝 .                            (7.25) 

Alternatively, the pore diffusion term can be written in terms of the effective diffusion: 

                          𝐽𝑇 = −(
𝐹𝜌𝑟2

8𝜇
+
𝑀𝐷𝑒𝑓𝑓

𝑍𝑅𝑇
+
𝐷𝑠(1−𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠

𝑝
)∇𝑝 .                                    (7.26) 

Recall that the total mass flux is given as [112]: 

                                 𝐽𝑇 = −(𝜌
𝑘𝑎𝑝𝑝

𝜇
)∇𝑝.                                                                         (7.27) 
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Equating Eqs. (7.25), (7.26), and (7.27), and then solving for 𝑘𝑎𝑝𝑝 gives: 

                        𝜅𝑎𝑝𝑝 =
𝜇

𝜌
(
𝐹𝜌𝑟2

8𝜇
+
𝜔𝑚𝑝𝑀

𝑍𝑅𝑇

𝐷𝑝

𝜏𝑑
2 +

𝐷𝑠(1 − 𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠
𝑝

)                       (7.28)   

or  

                           𝜅𝑎𝑝𝑝 =
𝜇

𝜌
(
𝐹𝜌𝑟2

8𝜇
+
𝑀𝐷𝑒𝑓𝑓

𝑍𝑅𝑇
+
𝐷𝑠(1 − 𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠

𝑝
).                          (7.29) 

Furthermore, the viscous flux permeability 𝜅𝑣𝑖𝑠𝑐, pore diffusivity permeability 𝜅𝑝𝑜𝑟𝑒, and 

surface diffusivity permeability 𝜅𝑠𝑢𝑟𝑓, contribute to the permeability model as: 

                                                        𝜅𝑣𝑖𝑠𝑐 =
𝐹𝑟2

8
,                                                                    (7.30) 

                                               𝜅𝑝𝑜𝑟𝑒 =
𝜔𝑚𝑝𝜇

𝑝

𝐷𝑝

𝜏𝑑
2 ,                                                                  (7.31) 

                                                      𝜅𝑝𝑜𝑟𝑒 =
𝜇𝐷𝑒𝑓𝑓

𝑝
,                                                                 (7.32) 

and  

                                           𝜅𝑠𝑢𝑟𝑓 =
𝜇𝐷𝑠(1−𝜃)𝜔𝑚𝑠𝜌𝑎𝑑𝑠

𝜌𝑝
,                                                    (7.33) 

respectively.  

7.4 Model Validation and Comparison 

The reliability of the developed model across a wide range of pore scales was validated 

using experimental data from Guo et al. [313] and via comparisons with widely available 

slippage and diffusion models. Oxygen gas flowing in a nanotube of 235 nm was employed 
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at 300 K. The laboratory inlet and outlet pressures, tube length, molecular weight of the 

gas, and recorded pressure drop and molar flux are all summarized in Table 27. The 

viscosity, bulk phase density, and gas compressibility factor were computed using NIST 

database experimental software called miniREFPROP [149]. These dynamic bulk property 

data points are available in the supplementary material found in Table S1. TAMAC was 

the only fit parameter used during the validation process.  

Table 27. Calculation Parameters for Validation with Experimental Data 

Parameter Symbol Unit Value(s) 

Nanotube length L or ∆𝑥 𝑚 60 × 10−6 

Nanotube diameter d 𝑚 235 × 10−9 

Outlet pressure  Pout Pa 4.8 × 103 

Pressure drop ∆𝑝 = Pout − Pin Pa Table S1 

Average pressure Pavg = (Pout + Pin) 2⁄  Pa Table S1 

Average bulk density ρ Kg/m3 Table S1 

Oxygen gas mol. Wt. M Kg/mol 0.032 

Gas comp. factor Z dimensionless Table S1 

Gas viscosity 𝜇 Pa.s Table S1 

Temperature T K 300 

TAMAC 𝛼 dimensionless 0.79 

As seen in Figure 50, the performance of the proposed model was better than the Knudsen 

diffusion and forced viscous Hagen-Poiseuille flow (K/HP) analytical models and 

Javadpour model when validated with the experimental data from Guo et al. Although that 

mode is performed best with the experimental data obtained, the laboratory experiment was 
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performed with a nanotube and oxygen gas diffused in ideal geometry, conditions that 

could not accurately represent the possibly complex geometry of shale on a nanoscale. 

Moreover, such models are only applicable when describing viscous flux and pore 

diffusion in nanopores and do not consider the surface diffusion in adsorbed layers. Finally, 

the nanopore size was 235 nm within the macropores; thus, these models’ stability could 

come into question with higher Knudsen number diffusive flows.  

 

Figure 50  Flux and pressure drop relationship for the proposed model and models by Guo et al., Javadpour, 

and the K/HP analytical model, as well as the experimental data acquired from Guo et al. for ideal nanotube 

geometry. 

It is noteworthy that the validation data using the nanotube is within the macropores size 

classification, and may require further validation within a 2 - 50 nm pore system. The 

challenge however is to obtain experimental data at such higher confined space due to 

difficulty of injecting the ultra-tight core samples. For these reasons, a molecular dynamics 

(MD) simulation data coupled with a published model by Kou et al. [91] was employed to 
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test the proposed model at a constant temperature and pressure state. The author obtained 

the correction factor for permeability in 2.0, 3, 5 and 6 nm kerogen pores hosting a 

supercritical methane, the MD information of the gas above critical pressure and 

temperature condition is available in Table 28.  

Table 28 Calculation Parameters for Validation with Kerogen Molecular simulation Data of Kou et al. 2017 

Parameter Symbol Unit Value(s) 

Kerogen pore 

diameters 

d 𝑚 2, 3, 5, 6 × 10−9 

Pressure  𝑝 MPa 17.237 

Average bulk 

density 

ρ Kg/m3 101.7 

Methane gas mol. 

Wt. 

M Kg/mol 0.016 

Gas comp. factor Z dimensionless 0.9223 

Gas viscosity 𝜇 Pa.s 8.79 × 10−6 

Temperature T K 353 

Gas slippage factor 𝐹 dimensionless 1.0 

Tortuosity 𝜏𝑑 dimensionless 1.0 

Adsorption factor 1 + 𝛽 dimensionless 9.0 
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Figure 51  Validation of proposed model using kerogen permeability data and proposed model from the work of 

Kou et al. 2017 

The authors of the utilized data introduced an empirical model to predict the adsorption 

factor as a function of pressure only and some fitting constant but lacks theoretical basis, 

thus the assessment of the influence of adsorption remains uncertain. Besides, the graph in 

Figure 51 depicts the validity of the model within the mesoporous kerogen system. Again, 

the only fitting parameter that is uncertain is the adsorption equilibrium factor. 

Interestingly, the fit in Figure 51 was obtained at an absorption factor of 9.0 for a given 

MD data of a smooth nanocapillary kerogen network with negligible slippage flux 

compared to the surface diffusion in adsorbed layer. Several transport equations (Table 

29) exist for modeling viscous, pore, and surface diffusion in shale to overcome the 

limitations of laboratory measurements of permeability [22, 23, 27, 84]. Some 

mechanisms, such as a high Knudsen number diffusive regime that is beyond mesoscale-
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based core measurements, in addition to the inherent significant volume of sorbed gas, add 

to the complexity of these data. The equations presented in Table 29 were employed to 

compare their descriptions of the transport to that of the proposed model, which corrects 

for the influence of the combined nanoscale geometry and dynamic adsorption equilibrium 

factors on gas mass flux. 
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Table 29 Summary of Selected Permeability Models for Shale 

Authors Transport 

Mechanisms 

Models 

Wasaki and 

Akkutlu [137] 

Viscous flow, gas, 

and surface 

diffusion 

𝜅𝑎𝑝𝑝 =
𝑑2

32
+ 𝜇𝐷𝑒𝑓𝑓𝑐𝑔 +

𝜇𝐷𝑠𝑉𝑠𝐿𝜌𝑔𝑟𝑎𝑖𝑛𝐵𝑔

𝑇𝑂𝐶

𝑝𝐿
(𝑝 + 𝑝𝐿)2

 

Geng et al. 

[342] 

Viscous flow, gas, 

transition, and 

surface diffusion 

𝜅𝑎𝑝𝑝 =
𝑑2

32
+
𝐾𝑛2 + 𝐾𝑛

𝐾𝑛2 + 1
.
𝑑𝜇

3𝑝
√
8𝑅𝑇

𝜋𝑀

+ 4
𝐷𝑠𝑝𝐿𝑀𝐶𝐿𝜇

(𝑝 + 𝑝𝐿)2𝜌
.
(𝑑𝑑𝑚𝜃 − 𝑑𝑚

2 𝜃2)

𝑑2
 

Cai et al. [113] Viscous flow, gas, 

transition, and 

surface diffusion 

𝜅𝑎𝑝𝑝 =
𝑑2

32
+

𝐾𝑛

𝐾𝑛 + 1
.
𝑑𝜇

3𝑝
√
8𝑅𝑇

𝜋𝑀

+ 4
𝐷𝑠𝑝𝐿𝑀𝐶𝐿𝜇

(𝑝 + 𝑝𝐿)2𝜌
.
(𝑑𝑑𝑚𝜃 − 𝑑𝑚

2 𝜃2)

𝑑2
 

Yanfeng et al. 

[112] 

Viscous flow, 

slippage, transition 

diffusion, and 

surface diffusion 

𝜅𝑎𝑝𝑝 =
𝐹𝑑2

32
+ 𝐷𝑒𝑓𝑓.

𝜇𝑀

𝜌𝑅𝑇
+
𝐷𝑠𝜉𝑚𝑠𝜌𝑎𝑑𝑠

𝑝
.
𝜇

𝜌
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Wu et al. [164] Viscous flow, pore 

diffusion, and 

surface diffusion 

𝜅𝑎𝑝𝑝

= {
𝜙

𝜏

𝑘∞𝑝𝑉𝑠𝑡𝑑
𝑅𝑇

(1 + 𝛼(𝐾𝑛))

1 + 𝐾𝑛
(1 +

6𝐾𝑛

1 + 𝐾𝑛
)}

+ {
2𝜙

3𝜏
𝑟 (
𝑑𝑚
2𝑟
)
𝐷𝑓−2

(
8

𝜋𝑅𝑇𝑀
)
0.5

𝑉𝑠𝑡𝑑𝜇
1

1 + 1 𝐾𝑛⁄
}

+ {
𝜙

𝜏
((1 −

𝑑𝑚
𝑟
)
−2

− 1)𝐷𝑠
𝐶𝑠𝑉𝑠𝑡𝑑𝜇

𝑝𝑀
} 

where 𝐶𝑠 = (4𝜃𝑀) (𝜋𝑁𝐴𝑑𝑚
2 )⁄  

where 𝑘∞ is the liquid permeability, 𝛼(𝐾𝑛) is the rarefaction coefficient [17, 75], 𝐶𝐿 is the 

maximum adsorbed gas concentration (𝑚𝑜𝑙 𝑚3⁄ ), 𝑐𝑔 is the gas compressibility (1/pa), 

𝜌𝑔𝑟𝑎𝑖𝑛 is the grain density (𝑘𝑔 𝑚3⁄ ), 𝑉𝑠𝐿 = 𝑛𝐿𝑉𝑠𝑡𝑑 is the maximum adsorbed gas volume 

(𝑚3 𝑘𝑔⁄ ), 𝑉𝑠𝑡𝑑 = 0.0224 is the molar volume of gas at standard temperature and pressure 

(𝑚3 𝑚𝑜𝑙⁄ ), 𝑇𝑂𝐶 is the total organic content of the rock, and 𝐵𝑔 is the gas formation volume 

factor. 𝐷𝑓 is a quantitative measure of the surface roughness varying between 2 (for smooth 

surfaces) and 3 (for space-filled surfaces). The dynamic and static parameters used in the 

present study to compare transport modeling by the developed model against those listed 

in Table 29 are summarized in Table 30. It is noteworthy that the data sources and 

theoretical background are explained in detail by Aljaberi et al. [206]. The author studied 

the impact of kerogen tortuosity in shale permeability.  

The surface diffusivity, pore diffusion, apparent permeability, and correction factor 

𝜅𝑎𝑝𝑝 𝜅𝑣𝑖𝑠𝑐⁄  were predicted for all models. The slippage flux correction 𝐹 was neglected; 

that is, there was no slippage flow. Interestingly, from Figure 52, the proposed model 
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predicted the surface diffusivity permeability at the same level of accuracy as the models 

by Cai et al. [113] and Geng et al. [84]. Conversely, the predictions by Yanfeng et al. [112] 

and Wasaki et al. [137] represented cases of high and low permeability in the adsorbed gas 

phase.  

Table 30 Dynamic and Static Parameters, Symbols, and Units for Model Comparison 

Parameter Values Symbol/(unit) 

Pressure  2.1, 3.4, 6.9, 10.3, 20.7, 31, and 41.3 P/(MPa) 

Temperature 350 T/K 

Bulk gas density 11.64, 19.58, 40.16, 61.38, 123.22, 173.20, 

and 210.05 

𝜌/(𝑘𝑔 𝑚3⁄ ) 

Gas compressibility 

(10−3) 

3.392, 2.056, 1.045, 0.696, 0.309, 0.165, and 

0.100 

𝑐𝑔/(1/𝑝𝑠𝑖𝑎) 

Gas viscosity (10−5) 1.3, 1.32, 1.39, 1.47, 1.82, 2.22, and 2.6 𝜇/(𝑝𝑎. 𝑠) 

Gas compressibility 

factor 

0.9818, 0.9706, 0.9464, 0.9289, 0.9254, 

0.9875, and 1.0857 

Z-factor 

Formation volume 

factor 

0.0565, 0.0335, 0.0163, 0.0107, 0.0053, 

0.0038, and 0.0031 

 𝐵𝑔 

Adsorbed gas density 466.7, 565.3, 701.5, 762.7, 833.1, 853.6, and 

866 

𝜌𝑎𝑑𝑠/(𝑘𝑔 𝑚3⁄ ) 

Max. adsorbed gas 

conc. 

0.05688 𝐶𝐿/(𝑚𝑜𝑙 𝑚3⁄ ) 
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Max. adsorbed 

amount 

4.6262 𝑛𝐿/(𝑚𝑜𝑙 𝑘𝑔⁄ ) 

Langmuir pressure 2.026 𝑝𝐿/(𝑀𝑃𝑎) 

TOC 100  % 

Grain/kerogen 

density  

1300 𝜌𝑔𝑟𝑎𝑖𝑛

/(𝑘𝑔 𝑚3⁄ ) 

Gas molar mass  0.016 M/(𝑘𝑔 𝑚𝑜𝑙⁄ ) 

Diameter of methane 

mol. 

0.38 × 10−9 𝑑𝑚/(m) 

Self-diffusion (10−9) 1.1179, 1.5412, 2.2433, 2.938, 4.4457, 

5.1722, and 5.3857 

𝐷𝑠𝑒𝑙𝑓/(𝑚
2 𝑠⁄ ) 

Surface diffusion 

(10−9) 

0.1105, 0.10314, 9.909, 9.466, 8.484, 

7.8743, and 7.9467 

𝐷𝑠/(𝑚
2 𝑠⁄ ) 

Tortuosity  1.72 𝜏𝑑 

Mean pore radius 0.6 × 10−9 𝑟/ (𝑚) 

Gas slippage factor 1.0 𝐹 
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Figure 52  Comparison of the proposed model and existing theoretical models for: (a) surface diffusion 

transport, (b) pore diffusion, (c) apparent permeability, and (d) correction factor for non-Darcy fluxes. 

 

The proposed model’s predictions of the different transport mechanisms were in reasonable 

agreement with those of the existing models (Figure 52). However, there was a substantial 

deviation in the pore diffusion flux predicted by the Cai et al. [113] and Geng et al. [136] 

equations, which was obviously due to the absence of a microstructure parameter (i.e., the 

effective diffusivity coefficient or tortuosity factor); this parameter was not considered by 

the authors in their model development. The Waskai model prediction for pore diffusion 

permeability was similar to that of the proposed model. However, there were discrepancies 
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in the overall gas permeability values resulting from the physics of the surface diffusion in 

the adsorbed phase. The authors’ model provides a conservative estimate of diffusion in 

the phase nearest the pore wall. Conversely, the proposed model aligns best with the pore 

diffusion equations of the Cai and Geng models, while the Yanfeng model provided a high 

estimate. Therefore, the proposed apparent permeability model appears to behave within a 

mean set of cases between the conservative estimates of the Wasaki model and optimistic 

computations provided by the Yanfeng model. Interestingly, the reason for this behavior is 

that these models consider a static factor to mimic the adsorbed layer effect in the surface 

flux, rather than a dynamic factor that impacts the entire diffusion flux.  

7.5 Characteristics size of 3D Pore Geometry 

In nature, shale and tight gas reservoirs have complex 3D geometries with random pore 

networks of different sizes. Modeling the permeability of a system of organic and inorganic 

compartments with multiple pore sizes and levels of connectivity requires a detailed 

approach for estimating the sizes of characteristics of the capillary system. Percolation 

theory is widely employed to determine the representative pore width, which may defer 

from the average measurements, depending on the degree of heterogeneity and 

connectivity of the empty spaces. It is important not to over or underestimate the pore throat 

size, which mainly controls the apparent gas permeability. Organic and inorganic matrices 

in shale, for instance, have different effective pore channels that connect the effective pores 

and throat to the hydraulic fractures or wellbore. Organic matter such as kerogen has 

interconnected networks of meso- and micropores and throats. Similarly, the meso- and 

macropores in the inorganic phase of a shale matrix possess a unique gas flow path to the 

wellbore. To obtain the characteristic capillary size, the pore bodies and throats are 
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randomly sampled using lognormal normal and/or multimodal distributions. The average 

size is taken as representative if the normal distribution is used, but that may not be the 

case if a multimodal distribution is employed for the sampling. Percolation theory is based 

on multimodal distribution analysis, as proposed by O’Carroll and Sorbie [343] and 

established on the Poiseuille law generalization for the total flow of a single-phase fluid. 

The principle assumes that flow only occurs in a system with distribution through pores of 

different radii above a threshold or percolation radius 𝑅𝑝. Initially, the conductive tubes 

are closed; then, they are randomly opened until a certain fraction of clusters 𝑝𝑐 with pore 

sizes above the percolation radius connects to a fraction of the pores, allowing for flow to 

occur. The conductivity of the distribution of pores is given by 𝑓(𝑟). The radius of this 

inserted tube 𝑅𝑝 that connects a fraction of these clusters across the network (allowing for 

flow to begin) is referred to as a representative pore throat. The relationships among the 

distribution of pores, fraction of connected clusters, percolation, and maximum pore size 

is given by Eq. (7.34): 

                𝑝𝑐 = ∫ 𝑟𝑓(𝑟) 𝑑𝑟
𝑅𝑚𝑎𝑥

𝑅𝑝
,                                   (7.34) 

where 𝑅𝑚𝑎𝑥  𝑖s the maximum pore capillary radius. Interestingly, the percolation threshold 

𝑝𝑐 depends on the geometric structure of the network, and for a simple cubic lattice with a 

network containing 6,100 bonds, 𝑝𝑐 = 0.25 with a high degree of accuracy. It is important 

to note that percolation theory does not always provide a complete description of network 

flow, due to uncertainty surrounding the determination of appropriate 𝑝𝑐 and 𝑓(𝑟) values, 

which differ with the geometric structure and distribution, respectively. For the sensitivity 
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studies performed, it was assumed that the pore throat size used to compute permeability 

was representative.  

7.6 Sensitivity Analysis, Results, and Discussion 

The developed model was utilized to explore shale gas permeability, with an emphasis on 

the impacts of changes in pore radius, pore geometry, and pressure. The details are 

presented in Sections 7.6.1, 7.6.2, 7.6.3, and 7.6.4. 

 Transport Fluxes  

The individual contribution of each transport mechanism was calculated and reported in 

Darcy units. The apparent permeability was also calculated as the sum of the three 

mechanisms. Intuitively, the viscous permeability was solely dictated by the pore size, 

regardless of the pressure (Figure 53-c). Conversely, surface diffusion was only sensitive 

to pressure, regardless of pore size (Figure 53-a). In other words, the Darcy flow 

contribution to the total transport in porous media was unaffected by a decline in reservoir 

pressure (assuming no changes in the stress field as the pore fluid pressure changed). The 

amount of sorption was determined to be very sensitive to pressure changes during 

production, making surface diffusion highly dependent on pressure. Furthermore, pore 

diffusion was significantly influenced by both pore size and pressure, as can be seen in 

Figure 53-d (i.e., the pore diffusion at a low pressure was 10 times greater than its value 

at a higher pressure and the same pore size). The apparent permeability could 

predominantly be controlled by viscous flux for pore sizes larger than 10 nm, as shown in 

Figure 53-b. For smaller pore sizes, both surface and pore diffusion mechanisms were 

found to control the overall transport, especially at low to intermediate pressure values. 

These observations are consistent with several reported in the literature [14, 22, 24].  
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Figure 53  Influence of pressure and pore radius on the: (a) surface diffusivity, (b) apparent diffusivity, (c) 

viscosity, and (d) pore diffusivity permeability models. 

 

 Relativity of Transport Fluxes  

Per the observations made in the previous section, Figure 54 provides deeper insights into 

the dependency of apparent permeability on the multiscale fluxes present in shale, as a 

function of pressure. Again, the definitions of the terms macropores, mesopores, and 

micropores were assumed to be consistent with the IUPAC definitions, where pore 

diameters > 50 nm are referred to as macropores, 2 to 50 nm are mesopores, and less than 

2 nm are micropores [5, 88]. The impact of pore scale and pressure on the intermolecular 

interactions within nanopores, and hence the overall transport and governing mechanisms, 
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were investigated in the present research. A study of the influence of pressure loading of 

gas in mesopores and micropores was performed, and the outcomes found to be consistent 

with earlier observations that above 10 nm and at pressures beyond 10 MPa, molecular 

diffusivity flux is negligible. Yet, the relative contribution of viscous flux in smaller pores 

was more than the surface diffusion at pressures higher than 30 MPa. The surface diffusion 

consistently constituted more than 50% of the apparent permeability below 10 MPa and 5 

MPa at 0.6 and 2 nm pore sizes, respectively. However, a crossover was found at levels 

above these pressure states, where molecule size-induced barriers restricted pore and 

surface diffusion. However, it was noted that pore diffusion permeability was negligible in 

mesopores and macropores along the entirety of the pressure range. Viscous flux 

dominated at 50 nm macropores and could constitute up to 100% of transport flux above 

5.0 MPa. This was in agreement with what was reported by Cai et al. [113]. 
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Figure 54  Relative contributions of viscosity, pore diffusion, and surface diffusion flux at different pressures 

and pore scales of: (a) 50 nm, (b) 10 nm, (c) 2 nm, and (d) 0.6 nm 

 

 Apparent Permeability of Gas 

Accurate estimation of the ratio 𝑘𝑎𝑝𝑝 𝑘𝐷𝑎𝑟𝑐𝑦⁄  is needed to account for the impact of gas 

and surface diffusions and accomplish retrieval of the intrinsic permeability. The deviation 

of apparent gas from intrinsic permeability is given in Figure 55.  
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Figure 55  Gas correction factors at different pore scales and pressure conditions. 

As compared to macropores, at lower pressures, corrections of a higher order of magnitude 

are required for micropores; this is consistent with the trend observed by Javadpour et al. 

[309].  Above a 20 nm pore size, the correction factor is 1.0, irrespective of the pressure 

conditions. 

 Impact of the Pore Scale Geometry Factor 

In porous media, diffusion tortuosity is required to compute the pore diffusion permeability 

and account for the average elongation of the fluid stream relative to the free flow. In this 

example, it should be noted that the influence of the geometry factor on viscous flux 

permeability was assumed to be negligible. Figure 56 illustrates the impact of tortuosity 

on pore diffusion. The outcomes showed that although pore diffusion permeability was 

reduced with the diffusion tortuosity, in an average pore size of 0.6 nm, the gas apparent 

permeability and non-Darcy correction factor were unaffected by the micropore structure 

parameter, except at pressures above 10 MPa. Therefore, in micropores, the impact of 

tortuosity was determined to be negligible at lower pressures, due to the dominance of the 

surface diffusion transport. 
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Figure 56  Impact of tortuosity on the: (a) Darcy permeability correction factor, (b) apparent permeability, (c) 

contribution of pore diffusion to apparent permeability, and (d) pore diffusion permeability in micropores of an 

average size of 0.6 nm. 

 

 Impact of the Dynamic Adsorption Factor 

The dimensionless Knudsen parameter was considered the dependent variable because it 

is a function of the gas properties and pore size characteristics of the system. Moreover, it 

provides an overview of how changes in adsorption behavior may impact the relative 

contributions of the diffusion flux and gas correction factor in porous media. Some of the 

data in Table 30 were employed in the present research, along with a TAMAC of 1.0. The 

adsorbed phase density and corresponding dynamic parameters were varied to determine 
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how they affected the relative contribution of total methane diffusion flux, which was 

composed of the surface and pore diffusion in the different diffusion regimes.  Figure 57 

shows that the role of the adsorption factor in modeling diffusion permeability was more 

significant in the Knudsen diffusion domain and the least significant in the Fick domain. 

Again, the importance of the diffusive flux was determined to be greater in higher Knudsen 

number flow systems and confined pores. Generally, a noticeable adsorption layer at, for 

instance, 1 + 𝛽 = 40 could suggest a higher total diffusive flux across all transport 

regimes. Moreover, it is important to note that 1 + 𝛽 = 1 represented a no-adsorbed-layer 

scenario. The adsorption equilibrium factor depended on the chemical heterogeneity of the 

materials, gas properties, and amount of chemical interaction energy that existed between 

the gas and atoms in the rock. Thus, in cases where the adsorption forces are very high, the 

impact of the diffusion flux could be immense across all flow regimes.  
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Figure 57  Impact of the adsorption equilibrium factor on the relative contributions of pore and surface 

diffusion permeability across all transport regimes. Flow regimes were classified according to the dimensionless 

Knudsen number, according to the Beskok [117] and Sheng [105] classifications, and varied with the pore size 

scale: (a) lower limit of the slip regime, (b) upper limit of the slip regime, (c) slip and transition regime, and (d) 

transition and Knudsen regime. 

 

7.7 Conclusion 

In this work, an apparent permeability model was developed that couples the pore structure 

tortuosity and adsorption phenomena to predict the transport of gas in porous media. The 

model accounts for viscous flux, pore diffusion, and surface diffusion in the adsorbed 

phase, and more importantly, integrates variations in the physics of pore diffusion across a 

wide range of pore sizes and pressures, from the Fick regime through the transition to the 

Knudsen diffusion region. The data acquired by the experiment conducted in Guo et al. 

[344] to compute the viscous and pore diffusion fluxes of oxygen gas through a 235 nm 

nanotube was employed to validate the proposed model. Furthermore, permeability data 

obtained from molecular simulation to describe the transport of supercritical methane gas 

in a nanocapillary smooth kerogen network of pore sizes 2, 3, 5 and 6 nm was utilized to 

test the model. The validated model was then compared with the Javadpour and K/HP 

analytical models. Furthermore, the predictability of the multi-physics equation in 
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micropores was compared to the performances of four existing theoretical models. A 

sensitivity analysis was carried out to understand the transport behavior at different pore 

scales and pressure conditions. Some of the preliminary conclusions drawn were as 

follows:  

• In the validation process, the proposed model agreed reasonably well with the 

experimental data and had better predictability of oxygen’s molar flux through 

macropore-sized tubes, as compared to the Knudsen diffusion and forced viscous 

Hagen-Poiseuille flow (K/HP) analytical and Javadpour models. Interestingly, it 

tests relatively well with mesoporous kerogen permeability data. 

• A comparison of the performances of the new multi-physics and existing models 

showed that the apparent and surface permeability predictions were within the 

prevailing uncertainty bands. In other words, the descriptions of the relative 

contributions of the fluxes and total fluxes were within a possible range. 

• The sensitivity studies revealed that the role of surface diffusion in the apparent gas 

permeability expanded substantially as the pore size decreased. Specifically, 

diffusion in adsorbed gas layers of gas was found to constitute more than 50% of 

the apparent permeability in that range of pore sizes for pressures below 10 MPa 

and 5.0 MPa in micropores and mesopores, respectively. At higher pressures, there 

was a crossover of dominancy from surface diffusion to viscous flux. The influence 

of the Darcy scale flow was notable as the pore size increased. 

• Viscous flux based on the Darcy law was determined to be valid for describing the 

total flux in a material that contains mainly macropores (> 50 nm pore sizes). At 

the same time, increased intermolecular interactions were found, as compared to 
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molecule-wall collisions. Thus, the assumption of a continuum flow regime should 

only be considered valid at extremely high pressures, above 10 MPa in the 

mesopores considered in the present study. Molecular diffusions such as surface 

and pore diffusion were negligible at elevated pressure conditions. 

• Although pore diffusion permeability is reduced with increased diffusion tortuosity, 

the apparent permeability and non-Darcy correction factor for gas in 0.6 nm pores 

(on average) were unaffected by the micropore structure parameter, except at 

pressures above 10 MPa.  

• In 50 nm and 235 nm pores, the total diffusion permeability was negligible relative 

to the Darcy flow in the slip regime. However, there was a notable influence of the 

adsorption equilibrium factor, particularly in the slip, transition, and Knudsen 

diffusion regimes, and interestingly, the overall contributions of the surface layer 

and pore diffusion increased as the pore size decreased, and that increase was in the 

same order from the slip to Knudsen regime. 

• The deviation of gas permeability from the Darcy flow in shale and ultra-tight rocks 

was found to be higher across all transport regimes when the influence of the 

adsorption forces on pore and surface diffusion flux was considered. Thus, reservoir 

management strategies must consider these dynamics throughout the life cycle of a 

gas field asset. 
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8 CHAPTER 8 

MULTISCALE AND MULTIPHYSICS PRODUCTION 

FORECASTS OF SHALE GAS RESERVOIRS: NEW 

SIMULATION SCHEME BASED ON GAUSSIAN 

PRESSURE TRANSIENTS5  

Abstract 

Common numerical solutions for production rate forecasting of shale reservoirs have a 

limited capability to describe the dynamics of fluid mass transfer during a pressure 

depletion cycle due to production with hydraulically fractured well systems. The pressure 

drawdown imposed by the well system triggers continuous expansion of free gas in the 

larger pores, while molecular diffusion predominates in the smaller pores. The declining 

reservoir pressure leads to the closure of larger pores, which gives further significance to 

molecular diffusion as a component of the mass transport process. To capture these 

multiphysics mechanisms, pressure-diffusion and molecular-diffusion forms of the 

                                                 

 

 

5 This chapter is copied from the manuscript: C Afagwu, S Alafnan, R Weijermars, M Mahmoud (2023). 

Multiscale and multiphysics production forecasts of shale gas reservoirs: New simulation scheme based on 

Gaussian pressure transients. Fuel 336, 127142 
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diffusivity equation, discretized in space and time, were simultaneously solved to simulate 

mass transfer dynamics and kinematics in shale formations. This new approach uses a 

Gaussian probability function to describe the advance rate of both types of diffusion 

processes, creating a unique scheme for simulating shale gas reservoirs based on physical 

parameters that could be either measured or characterized. The adopted algorithms 

successfully provide solutions that can match the typical shale production profiles. Results 

are sensitive to the essential reservoir parameters of pressure depletion, matrix 

permeability, organic content, and local heterogeneity. The simultaneous solution of 

molecular and pressure diffusivity equations reveals their interdependencies. The 

production peaks early and then rapidly decline with a growing effect of pore compaction. 

The flux of the sorbed phase contributes to the production rate by some factor that is 

determined by the sorption capacity of the organic matter. The methodology provided in 

this study can be utilized to simulate mass transport in shale reservoirs and predict 

hydrocarbon production rates, which may greatly aid asset management decisions and 

maximization of the ultimate recovery. 

 

Keywords: Shale gas, Gaussian pressure transient, Hydraulic fractures, Molecular 

diffusion flux, Production forecast 

 
 

8.1 Introduction 

Production forecasting is an essential component of hydrocarbon asset development, as the 

projected well rates are used to inform decisions regarding the optimal exploitation of 

hydrocarbon-bearing formations. In a general sense, production forecasting is either based 
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on extrapolating existing data through time-dependent mathematical relationships (with 

some fitting parameters) in an approach known as decline curve analysis (DCA) [208,209] 

or through physics-based reservoir simulation schemes. The former approach is simpler, 

but its application is restricted to the preservation of the status quo of the formation, which 

can be subject to variation through different upstream operations such as changing the well 

placement, water injection, and application of tertiary recovery techniques. Reservoir 

simulation, on the other hand, requires a detailed description of the rock and fluid 

properties incorporated into specific transport and geological models. Over the years, 

Darcy’s law has remained the primary mathematical framework linking pressure 

drawdown to production rate. It was originally derived for incompressible single-phase 

laminar flow but has been supplemented with some additional equations to account for 

multiphase flow (i.e. relative permeability curves), compressibility effects (i.e. real gas 

law), capillary pressure effects (i.e. J-functions), and other aspects. Furthermore, fine-scale 

gridding of the reservoir was introduced through structured and unstructured grids to 

capture the local heterogeneity [210]. Nevertheless, this approach has faced limitations 

when applied to shale formations.  

Much effort has been made in the literature to explain that the detailed mass transport 

mechanisms responsible for the well rate when  producing from shale formations differ 

from  simulation models used in conventional reservoir engineering [25]. The 

sedimentation processes responsible for shale formation in a quiet marine environment 

reduces the petrophysical quality of the reservoir (i.e. porosity and permeability), while the 

presence of quartz induces brittleness that renders shales subject to abundant natural 

fractures upon deep burial [30,31]. The presence of organic matter adds more complexity, 
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as the hydrocarbon accumulation in the formation is self-sourced, with a significant amount 

of gas trapped in the nano- and micropores associated with the organic matter [10,32–38]. 

Kerogen is an insoluble organic compound present in shale reservoirs with its elemental 

composition varying based on its origin and maturation. The skeleton of kerogen has 

micropores that host hydrocarbons in the sorbed phase. The sorption capacity is determined 

by the degree of organic matter maturity, and temperature and pressure conditions 

[109,211]. Hydrocarbons are expelled from the pores to the inorganic matrix system as the 

pressure declines [137]. 

Solving complex engineering mathematical relationships for the purpose of reservoir 

simulation is achieved through discretization of equations over space and time, honoring 

the geological heterogeneity of the reservoir, and thermodynamic properties of the fluid. 

To facilitate the reservoir simulation process in conventional hydrocarbon reservoirs, 

different software packages have been established, including Eclipse (owned by 

Schlumberger), Intersect (co-jointly owned by different ventures), tNavigator Rock Flow 

Dynamics, Nexus (developed by ARAMCO and owned by Landmark Graphics), Petrel 

Schlumberger, CMG, and other licensed and open-source interfaces. However, the 

different nature of shales as so-called unconventional, ultra-low permeability reservoirs, 

impacts the accuracy of these software platforms when used to describe mass transport 

dynamics and kinematics in shale reservoirs during typical production spans. Researchers 

have repeatedly approached this knowledge gap by refining the existing tools rather than 

establishing new schemes. In this context, complex analysis methods attempted to shift the 

attention to the transport of fluids in the vicinity of natural and hydraulic fractures (HFs) 

as the primary source of permeability [212]. The results were used to generate type curves 
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that can be used for production forecasting of different scenarios [213]. Some grid-based 

simulation [214–216] and machine learning [217,218] solutions exist to describe the 

multiscale transport physics in hydraulic fractured shale gas systems and could require 

much time and extra technical know-how to implement at field scale. 

Alternatively, one could look at shale’s characteristics as an opportunity for simplification, 

even though such simplification runs counter to current trends in modeling shales. 

Weijermars [219] revolutionized the way shale formations are simulated by introducing 

the Gaussian Pressure Transient (GPT) method, which was conceptualized based on 

several assumptions. The primary assumption is production with a constant bottom hole 

pressure (BHP), with pressure interference between adjacent hydraulic fractures accounted 

for via superposition, using a closed-form, gridless solution method. These assumptions 

are reasonable when considering shale resources, as they are of low permeability, have an 

extended transient period, with mass transport affected by internal boundary effects (such 

as pressure interference via the hydraulic fractures).  

In practice, the production regime of shale wells remains transient throughout the typical 

pressure depletion over the well’s economic life-cycle. The BHP is one of the few 

engineering parameters that is controlled during the production. Hydraulic fractures are 

introduced during drilling and completion phases with a decent capability to determine 

their coordinates and extent. The mathematical framework proposed by Weijermars [219] 

accounts for the reservoir heterogeneity (i.e., the presence of hydraulic fractures) and the 

petrophysical and fluid properties are captured in the hydraulic diffusivity of the bulk rock 

volume. When pervasive micro-fractures occur in the matrix of the stimulated rock volume, 

these will be accounted for in the effective hydraulic diffusivity via the bulk permeability 
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that contributes to the diffusivity. The system dynamics (balance of forces) is governed by 

the continuum equation and kinematics (velocity field) is governed by the equation of 

motion. For the specific system studied, the continuum equation can be represented as a 

diffusivity equation and the equation of motion (Navier-Stokes equation) can be simplified 

into Darcy’s Law (neglecting inertia and gravity terms).  

In the development of the basic GPT model, the permeability was taken as a constant value 

(i.e. original Darcian one) [219]. This assumption would only be justified in the absence of 

pore compaction. However, in real-life reservoirs the pore gas pressure declines near a 

producing well system, due to production-induced pressure depletion in the drained rock 

volume. Eventually, permeability reduction of the matrix rock occurs between the 

hydraulic fractures [137,345]. Such reduction in the convective transport is met with 

waxing of the sorbed phase flux as the pressure decreases. The sorbed phase constitutes a 

significant amount of the initial gas in place (i.e., up to 30-40%), which therefore needs to 

be accounted for when modeling the Darcian sorption flux [10,38,346]. Molecular 

diffusion is the governing mechanism by which the sorbed phase is transported from the 

organic matter to the pores of the inorganic rock matrix, and eventually to the hydraulic 

fractures via a hierarchy of pathways [91,113,115,143,159,299,309,347,348]. 

The primary objective of the present study is to modify the GPT solution of shale gas 

transport [219], considering the aforementioned intricacies, and develop an advanced 

simulation framework that accounts for the multiscale and multi-physics nature of mass 

transport in shale formations. In particular, the changes in the pressure that influence the 

effective confining pressure, and molecular diffusion are accounted for in the proposed 

approach.   
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8.2 Methodology 

The GPT method provides solutions for the spatial and temporal advance of the pressure 

transient that depends on the effective diffusivity. The term “effective diffusivity” refers to 

a combination of the gas pressure dependent permeability, viscosity, gas deviation factor 

and total compressibility in some ratio as to be detailed in the coming subsections. The 

parameters defining the effective diffusivity change with the pressure as highlighted in the 

introduction. Hence, an iterative approach is followed in which each iteration is terminated 

upon pressure convergence at a given time step. The workflow presented in Figure 58 is 

utilized for this research. The GPT solution is obtained for shale gas reservoirs through a 

numerical approach incorporating the geological and the fluid characteristics of shale 

formations. Subsections 8.2.1 – 8.2.6 outline the details of the adopted scheme including 

the confining pressure sensitive permeability model [137,282,349], the transport of the 

sorbed phase in the organic matter [91,159,348,350], and the GPT solution approach 

[219,351]. 

 

Figure 58  Iterative workflow adopted to simulate pore pressure dependent flux, by coupling molecular and 

advective mass transport mechanisms based on effective diffusivity in shale gas formations. 
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 Fluid properties 

Natural gas production in shales is subject to expansion driven by pressure depletion. The 

confidence in a production forecast hinges on accounting for the changes in the gas 

properties such as the viscosity and the isothermal gas compressibility coefficient. Natural 

gas, represented by methane in this study, has the virtue of having all of its fundamental 

properties linked to its compressibility factor (i.e., Z-factor) [352], which measures the 

degree of real gas deviation from ideal behavior at a certain temperature and pressure. The 

Z-factor could be empirically modeled as [352]: 

𝑍 = (0.702𝑒−2.5𝑇𝑝𝑟)𝑃𝑝𝑟
2 − 5.524𝑒−2.5𝑇𝑝𝑟𝑃𝑝𝑟 + 0.044𝑇𝑝𝑟

2 − 0.164𝑇𝑝𝑟 + 1.15,       (8.1) 

where 𝑃𝑝𝑟 = 𝑃 𝑃𝑐⁄  is pseudoreduced pressure, 𝑃 is pore pressure, 𝑃𝑐 is critical pressure, 

𝑇𝑝𝑟 = 𝑇 𝑇𝑐⁄  is pseudoreduced temperature, 𝑇 is temperature, and 𝑇𝑐 is critical temperature. 

The isothermal compressibility coefficient of gas, 𝑐𝑔, is computed as: 

                                                   𝑐𝑔 =
1

𝑃
−
1

𝑍
(
𝜕𝑍

𝜕𝑃
)
𝑇
.                                                                 (8.2) 

The convective transport is primarily governed by its viscosity, which represents the 

internal frictional resistance within the fluid particles at a given state of pressure and 

temperature. Lee et al.’s [353] empirical model was used to describe the gas viscosity (in 

centipoise), which represents the resistance to flow, as 

                               𝜇𝑔 = 1.0 × 10
−4𝐾𝑒

[𝑋(
𝜌𝑔
62.4

)
𝑌

]
,                                                                  (8.3) 

where all units in Eq. (8.3) are in field, 𝜌𝑔 is gas density at reservoir condition (units of 
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𝑙𝑏𝑚/𝑓𝑡3), and 

                          𝐾 =
(9.379 + 0.01607𝑀𝑔)𝑇

1.5

209.2 + 19.26𝑀𝑔 + 𝑇
.                                                                (8.4) 

𝑇 is in Rankine, 𝑀𝑔 (g/mol) is gas molecular weight,  

                          𝑋 = 3.448 +
986.4

𝑇
+ 0.01009𝑀𝑔,                                                            (8.5) 

and 𝑌 = 2.447 − 0.224𝑋. 

The predictability of the above set of equations were checked against some experimental 

data as to be shown in the first part of the results section.  

 Apparent permeability model derivation 

The conservation of mass equation for a shale reservoir containing both free and sorbed 

gas phases can be written as: 

                −∇. (𝜌𝑔𝑢⃗⃗) + ∇. (𝐷̿𝑒𝑓𝑓 . ∇𝜌𝑎𝑑𝑠) =
𝜕

𝜕𝑡
(𝜙𝜌𝑔) +

𝜕

𝜕𝑡
[𝜀𝑔𝑟(1 − 𝜙)𝜌𝑎𝑑𝑠].              (8.6) 

Here, 𝜌𝑔 is gas density (kg m3⁄ ), 𝑢⃗⃗ is Darcian flow velocity (m s⁄ ), 𝐷̿𝑒𝑓𝑓 is the effective 

molecular diffusion tensor in organic phase (m2 s⁄ ), 𝜌𝑎𝑑𝑠 is adsorbed phase density 

(kg m3⁄ ), 𝜙 is matrix porosity, and 𝜀𝑔𝑟 is the ratio of organic matter grain volume to the 

total rock volume. This ratio is comparable to the total organic content (TOC) in wt.% if 

the total inorganic carbon is negligible [137]. The left-hand side (LHS) of Eq. (6) represents 

the sum of the fluxes in the inorganic matrix and organic matter, while the right-hand side 

(RHS) is the accumulation over time. The shale conceptual model is shown in Figure 59, 

with further details of the flux terms given below. 
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Figure 59  Shale conceptual model showing a 2D vertical cross-section of a hydraulically fractured shale 

reservoir, with contributing flux from both organic matter and inorganic matrix. The permeability changes in 

the slit-pore microstructure of shale will in this study be assumed to be governed by Gangi’s [282] model. 

 

Inorganic matrix flux 

The mass flux rate in the inorganic matrix, 𝐽𝑖𝑛(kg m2s⁄ ), is the first term in the LHS of Eq. 

(8.6). This flux is described by Darcy’s velocity as: 

                                       𝐽𝑖𝑛 = 𝜌𝑔𝑢⃗⃗ = −𝜌𝑔
𝑘𝑚
𝜇𝑔
∇𝑃,                                                      (8.7) 

where ∇𝑃 is the 3D pressure gradient (Pa/m) and 𝑘𝑚 is the matrix permeability (m2). The 

inorganic matrix is assumed to mainly contain mesopores (2-50 nm) and macropores (>50 

nm). The pore shape varies among slit, cylindrical, and/or triangular shapes with different 

aspect ratios. Experimental investigations have shown that the absolute permeability of 

rock is sensitive to the confining pressure, increasing with decreasing the aspect ratio of 

pore cross-section. Assuming a slit-shape-dominated matrix with micro- or macrofractures 

(Figure 59), where the aspect ratio is between 0.1 and 0.01, Gangi [282] introduced the bed 

of nails compaction model to correct the matrix permeability for the effective confining 

pressure. Gangi’s model, which has been widely adopted in different studies [44,137], is 
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written in the following form: 

                                             𝑘𝑚 = 𝑘𝑜 [1 − (
𝑃𝑒𝑓𝑓.

𝑃1
)
𝑚

]

3

,                                                 (8.8) 

where, 𝑃𝑒𝑓𝑓. = (𝑃𝑐 − 𝑃) is the effective confining pressure on the matrix, 𝑃𝑐 is the 

confining pressure, 𝑚 is the surface roughness factor of the slit-shaped pores (𝑚 is close 

to 1.0 if the characteristic distribution of the asperities length is uniform), 𝑘𝑜 is the original 

permeability in slit-shaped mesopores and macropores at zero effective confining pressure. 

𝑘𝑜 can be determined with some uncertainty during the transient pulse measurement in the 

laboratory by ensuring that the difference between the confining pressure and the average 

pore pressure is very low. 𝑃1 is the effective confining pressure at which the slit-shaped 

pores are completely closed (i.e., when 𝑘𝑚 = 0). The laboratory measurement of 𝑘𝑚 is 

usually performed at very high average pressure to eliminate slippage and molecular flux 

effects on measured gas permeability [137]. Kwon [44] and Wasaki and Akkutlu [137] 

utilized iterative forward modeling to determine 𝑃1 alongside 𝑘𝑜 and 𝑚 by matching the 

transient-state measurements of 𝑘𝑚 versus 𝑃. However, laboratory measurements of 𝑃1 

may not be representative of the actual effective compressive strength of the rock at real 

reservoir conditions.  

In the present study, the original definition of 𝑃1 = 𝐾𝑠ℎ(𝐴𝑝 𝐴𝑇⁄ ) according to Gangi’s 

[282] definition was followed, where 𝐾𝑠ℎ is the bulk modulus of shale material grain, 

𝐴𝑝 𝐴𝑇⁄  is the aspect ratio or fraction of the matrix fracture surface area covered by rod-like 

pores, 𝐴𝑝 is the surface area all the asperities covering the fracture surface, and 𝐴𝑇 is the 

total surface area of the fracture face. It can be inferred from the above mathematical 
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formulation that the resistance to complete closure of the slit-shaped pores varies with the 

aspect ratio, which is a characteristic of the formation under investigation.  Eq. (8.8) is 

substituted into Eq. (8.7) to give the final expression of the inorganic matrix flux as: 

                                    𝐽𝑖𝑛 = −𝜌𝑔
𝑘𝑜
𝜇𝑔
[1 − (

𝑃𝑐 − 𝑃

𝑃1
)
𝑚

]

3

∇𝑃.                                           (8.9) 

If the inorganic matrix contains more cylindrical pores and a negligible number of slit-

shaped pores, the inorganic matrix flux 𝐽𝑖𝑛 would be best described by Hagen-Poiseuille’s 

equation for a circular tube [287,354]. The impact of pore compaction is negligible in this 

case, given that its aspect ratio is close to 1.0. The inorganic matrix flux is corrected for 

the slippage effect, an additional flux due to non-zero gas velocity close to the circular pore 

walls, as [309,355]: 

                                           𝐽𝑖𝑛 = −𝜌𝑔
𝐹𝑟̅𝑖𝑛

2

8𝜇𝑔
∇𝑃,                                                              (8.10)  

where 𝑟̅𝑖𝑛 is the average pore size of the circular inorganic matrix pore and 𝐹 is a 

dimensionless coefficient that corrects for slippage. According to Javadpour [309], F is 

defined as: 

                                    𝐹 = 1 + (
8𝜋𝑅𝑇

𝑀𝑔
)

0.5
𝜇𝑔

𝑃𝑎𝑣𝑔
(
2

𝛼𝑡𝑎𝑚
− 1),                                  (8.11) 

where 𝑃𝑎𝑣𝑔 is the average pressure (mean of upstream and downstream pressure) and 𝛼𝑡𝑎𝑚 

is a dimensionless tangential momentum accommodation coefficient (TAMAC) that 

defines the proportion of diffused gas molecules that are reflected from the tube wall 
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relative to the specular reflection. Eqs. (8.10) and (8.11) are coupled to produce the Darcy’s 

flux term for an inorganic matrix containing cylindrical-shaped pores as: 

                       𝐽𝑖𝑛 = −𝜌𝑔
𝑟̅𝑖𝑛
2

8𝜇𝑔
[1 + (

8𝜋𝑅𝑇

𝑀𝑔
)

0.5
𝜇𝑔

𝑃𝑎𝑣𝑔
(
2

𝛼𝑡𝑎𝑚
− 1)]∇𝑃.                  (8.12) 

 

Organic matter flux 

Organic pores can be approximated as cylindrical micropores. In the nanoscale degree of 

pore confinement, the transport mechanism is anticipated to be within the transition 

diffusion domain, 0.1 ≤ 𝐾𝑛 ≤ 10, where, 𝐾𝑛 = 𝜆𝑔 2𝑟𝑒𝑓𝑓,𝑜𝑟⁄  is the Knudsen number, 

defined as a the ratio of the mean free path of the gas molecules to the effective pore size 

(after correcting for the sorbed layer thickness, 𝑟𝑒𝑓𝑓,𝑜𝑟). The flux in the organic matter 

described here is thus mainly valid in micropores (<2.0 nm) and lower limit mesopores (2–

10 nm) and over a wide range of pressure. The second term in the LHS of Eq. (8.6), 𝐽𝑜𝑟, is 

defined as: 

                                                     𝐽𝑜𝑟 = 𝐷𝑒𝑓𝑓∇𝜌𝑎𝑑𝑠.                                                         (8.13) 

The adsorbed phase density is modeled according to the Langmuir isotherm, where, 

𝜌𝑎𝑑𝑠,𝑚𝑎𝑥 is the maximum adsorbed phase density and 𝑃𝐿 is the Langmuir pressure [277]: 

                                                   𝜌𝑎𝑑𝑠 = 𝜌𝑎𝑑𝑠,𝑚𝑎𝑥
𝑃

𝑃 + 𝑃𝐿
.                                                 (8.14) 

Eq. (8.14) is substituted into Eq. (8.13) and differentiated with respect to the pore 

pressure to obtain: 
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                                         𝐽𝑜𝑟 = 𝐷𝑒𝑓𝑓𝜌𝑎𝑑𝑠,𝑚𝑎𝑥
𝑃𝐿

(𝑃 + 𝑃𝐿)2
∇𝑃.                                        (8.15) 

Recall that the expression introduced by Wasaki and Akkutlu [137] for the maximum 

adsorbed gas density is given as: 

                             𝜌𝑎𝑑𝑠,𝑚𝑎𝑥 =
𝑉𝑠𝐿𝜌𝑔,𝑠𝑐𝜌𝑔𝑟

𝜀𝑔𝑟
,                                                                        (8.16) 

where 𝑉𝑠𝐿 = 𝑛𝐿𝑉𝑠𝑡𝑑 is the maximum adsorbed gas volume in a given mass of organic 

matter (m3 kg⁄ ), 𝑛𝐿 is the Langmuir amount (mol kg⁄ ), 𝑉𝑠𝑡𝑑 = 22.4 × 10−3 is the molar 

volume of gas at standard temperature and pressure (m3 mol⁄ ), 𝜌𝑔,𝑠𝑐 is the gas density at 

surface temperature and pressure (kg m3⁄ ), and 𝜌𝑔𝑟 is the organic matter matrix density 

(kg m3⁄ ). Eq. (8.16) is substituted for 𝜌𝑎𝑑𝑠,𝑚𝑎𝑥 into Eq. (8.15) to give: 

                                 𝐽𝑜𝑟 = 𝐷𝑒𝑓𝑓
𝑉𝑠𝐿𝜌𝑔,𝑠𝑐𝜌𝑔𝑟

𝜀𝑔𝑟

𝑃𝐿

(𝑃+𝑃𝐿)2
∇𝑃.                                                   (8.17) 

The effective diffusion coefficient of sorbed gas, 𝐷𝑒𝑓𝑓, was developed and validated by 

Afagwu et al. [350]: 

                   𝐷𝑒𝑓𝑓 =
4

3𝜏𝑑
2

(

 
 
 

𝜇𝑔
𝑃
𝑅𝑇𝑟𝑒𝑓𝑓,𝑜𝑟
𝑀𝑔

√
2𝑍𝑅𝑇
𝜋𝑀𝑔

𝑟𝑒𝑓𝑓,𝑜𝑟√
8𝑅𝑇
𝜋𝑀𝑔

+
𝜇𝑔
𝑃
𝑅𝑇
𝑀𝑔

√𝑍
)

 
 
 

,                                               (8.18) 

where, 𝑟𝑒𝑓𝑓,𝑜𝑟 = 𝑟̅𝑜𝑟 − 𝑟𝑎𝑑𝑠, 𝑟̅𝑜𝑟 is the average pore size of the organic matter (m), 𝑟𝑎𝑑𝑠 =

𝜀𝑠𝑑𝑚𝜃𝑠 is the adsorbed layer thickness (m), 𝑑𝑚 is the kinetic molecular size (m), 𝜀𝑠 is a 

dimensionless and non-physical adsorption correction factor, 𝜃𝑠 = 𝑃 (𝑃 + 𝑍𝑃𝐿)⁄  is the 
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surface coverage, and 𝜏𝑑 is the diffusion tortuosity in heterogeneous kerogen, which 

typically is in the range of 2.2–3.19 [286] for the type II-D kerogen micropores studied 

using molecular simulation approach. Diffusion tortuosity represents the pathway 

resistance to the effective gas diffusion. It is mathematically expressed as the square root 

of unrestricted diffusion flux to the effective diffusion in porous structure 

[129,135,148,286,356]. Eq. (8.18) is substituted into Eq. (8.17) to give the flux term in the 

organic matter as: 

            𝐽𝑜𝑟 =
4

3𝜏𝑑
2

𝑉𝑠𝐿𝜌𝑔,𝑠𝑐𝜌𝑔𝑟

𝜀𝑔𝑟

𝑃𝐿
(𝑃 + 𝑃𝐿)2

(
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𝑃
𝑅𝑇𝑟𝑒𝑓𝑓,𝑜𝑟
𝑀𝑔

√
2𝑍𝑅𝑇
𝜋𝑀𝑔

𝑟𝑒𝑓𝑓,𝑜𝑟√
8𝑅𝑇
𝜋𝑀𝑔

+
𝜇𝑔
𝑃
𝑅𝑇
𝑀𝑔

√𝑍
)

 
 
 

∇𝑃.              (8.19) 

Total flux 

The total flux term, 𝐽𝑇, is given in shale as the summation of the molecular diffusion in 

the organic matter (𝐽𝑜𝑟) and Darcy’s flux in the inorganic matrix (𝐽𝑖𝑛): 

                                          ∇. 𝐽𝑇 = −∇. 𝐽𝑖𝑛 + ∇. 𝐽𝑜𝑟 .                                                               (8.20) 

Eq. (8.20) can be rewritten for shale with a predominantly slit-shaped inorganic matrix 

and round organic pores by substituting Eqs. (8.9) and (8.19) into Eq. (8.20): 

                        ∇. 𝐽𝑇 = ∇. [𝜌𝑔
𝑘𝑜

𝜇𝑔
[1 − (

𝑃𝑐−𝑃

𝑃1
)
𝑚

]
3

∇𝑃] +

                                         ∇. [
4

3𝜏𝑑
2
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𝑃
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𝜋𝑀𝑔

𝑟𝑒𝑓𝑓,𝑜𝑟√
8𝑅𝑇

𝜋𝑀𝑔
+
𝜇𝑔

𝑃

𝑅𝑇

𝑀𝑔
√𝑍
)∇𝑃].             (8.21)  
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The relationship between the total mass flux term and the apparent permeability is 

[112,355]: 

                            ∇. 𝐽𝑇 = ∇. (𝜌𝑔
𝑘𝑎𝑝𝑝

𝜇𝑔
∇𝑃),                                                                      (8.22) 

where 𝑘𝑎𝑝𝑝 is the apparent permeability. 𝑘𝑎𝑝𝑝 in Eq. (8.22) could be defined by either 

assuming (A) predominance of slit-shaped inorganic matrix pores, or (B) inorganic 

cylindrical pores. In either case, the inorganic flux is coupled with the molecular diffusion 

of the sorbed phase in the organic matter.  

(A) 𝒌𝒂𝒑𝒑  for slit-shaped inorganic matrix pores. Eq. (8.21) is equated with Eq. (8.22) to 

obtain the expression of apparent permeability in shale containing slit-shaped inorganic 

matrix pores, where 𝐵𝑔 = 𝑉𝑔 𝑉𝑔,𝑠𝑐⁄ ≈ 𝜌𝑔,𝑠𝑐 𝜌𝑔⁄  is a gas formation volume factor: 

𝑘𝑎𝑝𝑝 = 𝑘𝑜 [1 − (
𝑃𝑐 − 𝑃

𝑃1
)
𝑚

]

3

+
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√𝑍
)

 
 
 

.    (8.23) 

(B) 𝒌𝒂𝒑𝒑  for cylindrical inorganic pores. Similarly, the apparent permeability for shale 

containing cylindrical pores in both inorganic and organic phase can be obtained by 

substituting Eqs. (8.12) and (8.19) into Eq. (8.20) and rearranging accordingly, with 𝑘𝑜 =

𝑟̅𝑖𝑛
2

8
 for circular inorganic matrix pores, to give: 
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𝑘𝑎𝑝𝑝 = 𝑘𝑜 [1 + (
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.     (8.24) 

 

 Gaussian pressure transient (GPT) solution 

The GPT solution, which serves as the mathematical framework to model the gas transport 

in shale reservoirs, for a finite-length fracture derived in exact form in Appendix B of 

Weijermars [219]: 

             𝑃(𝑥, 𝑦, 𝑡) = 𝑃0 + (BHP − 𝑃0)𝑒
−(

𝑥2

4𝐷𝑒𝑓𝑓𝑡
)

[
 
 
 
 𝑒𝑟𝑓(

𝑦+𝑦𝑓

2√𝐷𝑒𝑓𝑓𝑡
)−𝑒𝑟𝑓(

𝑦−𝑦𝑓

2√𝐷𝑒𝑓𝑓𝑡
)

2𝑒𝑟𝑓(
𝑦𝑓

2√𝐷𝑒𝑓𝑓𝑡
)

]
 
 
 
 

,        (8.25)   

where 𝑡 is production time, 𝑦𝑓 is fracture half-length, 𝑃0 is initial reservoir pressure, BHP 

is bottom hole pressure, and 𝑥 and 𝑦 are positions in the 2D reservoir space. The solution 

of Eq. (8.25) eliminates the challenge of imposing an uncertain constant well rate, which 

is required for implementing the traditional pressure transient solutions in the literature 

[357–359]; only a constant BHP is assumed [219]. The exact GPT solution accounting for 

pressure interference between multiple fractures has been solved by superposition in 

Appendix C of Weijermars [219], but the current study was limited to single fracture as the 

primary objective was to couple different transport mechanisms. The same approach could 

be easily extended to multi-fractures systems.  

In Eq. (8.25), 𝐷𝑒𝑓𝑓 is the effective diffusivity, which is defined as [360]: 
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                           𝐷𝑒𝑓𝑓 =
ℎ. 𝑇𝑒𝑓𝑓

𝑆
=

𝑘𝑎𝑝𝑝

𝜇𝑔[(1 − 𝜙)𝑐𝑚 + 𝜙𝑐𝑔]
,                                           (8.26) 

where ℎ is the formation thickness (m), 𝑇𝑒𝑓𝑓 = 𝐶ℎ,𝑒𝑓𝑓 ℎ⁄  is the effective gas 

transmissibility (1 s⁄ ), 𝑆 = 𝜌𝑔𝑔[(1 − 𝜙)𝑐𝑚 + 𝜙𝑐𝑔] is the gas storativity (1 m⁄ ), 𝑔 =

9.8m s2⁄  is the acceleration due to gravity, 𝑐𝑚 is the isothermal shale matrix 

compressibility, and 𝐶ℎ,𝑒𝑓𝑓 = 𝑘𝑎𝑝𝑝𝜌𝑔𝑔 𝜇𝑔⁄  is the effective conductivity, which was 

originally reported as a function of permeability due to the pressure gradient-driven 

Darcy’s flux [146,361]. The present study overcomes this limitation by replacing Darcian 

permeability with the new model given in Eq. (8.23) that accounts for the multiphysics and 

multiscale nature of shales. 

 Gaussian Péclet number 

The Gaussian Péclet number (Pe) is a dimensionless factor that accounts for the time- and 

space-dependent relevance of Darcian flow (in the inorganic matrix) to the molecular 

diffusion in the organic matter. This number was first defined mathematically in our 

previous research as the ratio of advective to molecular diffusion flux in 2D form [360]: 

                                 Pe ≈ [
(𝑥2 + 𝑦2)

4𝑡
(

1

𝐷𝑒𝑓𝑓,𝑜𝑟
−

1

𝐷ℎ,𝑖𝑛
)],                                            (8.27) 

where 𝐷𝑒𝑓𝑓,𝑜𝑟 is the molecular diffusivity in the organic matter and 𝐷ℎ,𝑖𝑛 is the Darcian 

diffusivity of the free phase in the inorganic matrix accounting for pore compaction and 

based on the hydraulic diffusivity originally introduced by Weijermars [219,360]. Both 

diffusivity values are evaluated iteratively with the workflow in Fig. 1 after convergence 

by substituting the first and the second terms of the apparent permeability as given by Eq. 
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(8.23) separately in Eq. (8.26). For Pe>>1, the advective transport advances faster than 

molecular diffusion; for Pe<<1, molecular diffusion outpaces the advective mass transport 

process. In this study, the Pe was evaluated at a unit distance location from the source along 

the fracture axis (𝑥, 𝑦) = (0,1) to show the relative controlling mechanisms over the 

depletion life of the reservoir. 

 Gaussian production rate and cumulative production 

The 2D gradient of the GPT solution (Eq. (8.25)), ∇𝑃(𝑥, 𝑦, 𝑡), was computed in a similar 

manner as the Pythagoras equation, analytically or numerically, and the resulting gradient 

was integrated along the interval length of the fracture −𝑦𝑓 < 𝑦 < 𝑦𝑓 to give the exact 

solution for the flux into the fracture plane [219]: 

                     𝑞𝑔(𝑡) = −4𝑛𝑓ℎ𝑓
𝑘𝑎𝑝𝑝

𝜇𝑔𝐵𝑔
∫ ∇𝑃(𝑥, 𝑦, 𝑡)
𝑦𝑓

−𝑦𝑓

,                                             (8.28) 

where 𝑛𝑓 is the number of fractures (i.e., one in this study) and ℎ𝑓 is the fracture height. 

The flow rate is evaluated at a location between a unit distance and origin, that is, (0, 0) <

(𝑥, 𝑦) ≤ (1, 1). Weijermars [219] advised that a unit distance in a field unit should be used 

to assess the rate at a constrained BHP. The cumulative gas produced is numerically 

expressed as a cumulative summation of the production rate 𝑞𝑔(𝑡) multiplied by the 𝑛𝑡 

number of discrete equal time interval ∆𝑡 of the production (Eq. 8.29). 

                𝐺𝑝(𝑡) = ∫𝑞𝑔(𝑡)𝑑𝑡 ≈∑𝑞𝑔(𝑡)

𝑛𝑡 

𝑖

∆𝑡                                                          (8.29𝑎) 

Meanwhile, an analytical solution for the planar fractures was derived following the same 
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procedure in our previous work [360] and was alternatively used for the evaluation of 𝐺𝑝(𝑡) 

as follows: 

                   𝐺𝑝(𝑡) = −4𝑛𝑓𝑦𝑓ℎ𝑓
𝑘𝑎𝑝𝑝(BHP − 𝑃0)

2𝜇𝑔𝐵𝑔

𝑥1
𝐷𝑒𝑓𝑓

𝐸𝑖 (−
𝑥1
2

4𝐷𝑒𝑓𝑓𝑡
),              (8.29𝑏) 

where, 𝐸𝑖 is an exponential integral function. Similarly, the Gaussian physics-based DCA 

equation for estimating the effective diffusivity as a constant fitting parameter by history-

matching of real well production-rate changes versus time (which requires 6 - 12 months 

production data are available), is [219,360]: 

                                  𝑞𝑔(𝑡) = 𝑞𝑖
1

𝑡′
𝑒
(

1
4𝐷′𝑒𝑓𝑓

(1−
1
𝑡′
))

,                                                  (8.30a) 

The change in the well rate is controlled by the non-dimensional diffusivity D’h,eff  and 𝑞𝑖 

is the dimensional initial flow rate. Since well performance is normally assessed and 

reported on a daily basis, the units of qi and 𝑞𝑔(𝑡) are assumed in Mscf/day for gas wells 

(bbls/day for oil wells). 

The DCA Eq. (8.30a) involves only one matching parameter, the non-dimensional 

diffusivity D’eff, which can be quickly equated to dimensional diffusivity following 

standard dimensional scaling principles. An important aspect in the scaling adopted by 

Weijermars [219], to simplify the use of Eq. (8.30a), is that the units used in the 

dimensional scaling pegs the unit of Deff. This becomes immediately obvious when 

retracing the non-dimensionalities steps leading to Eq. (8.30a), starting with the 

dimensional well rate equation:  
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                           𝑞𝑔(𝑡) = 𝑞𝑖
𝑡1
𝑡
𝑒
(

𝑥1
2

4𝐷𝑒𝑓𝑓𝑡
(
1
𝑡1
−
1
𝑡
))
                                                       (8.30𝑏) 

Defining the non-dimensional time t’=t/t1 used in Eq. (8.30a) and adopting for the typical 

time t1 the scaling unit t1= 1 day, then the non-dimensional time counter t’ in Eq. (8.30a) 

becomes numerically equal to dimensional time counter t in Eq. (8.30b), the latter being 

expressed in days. Likewise, adopting for the typical length scale [L], which appears in the 

dimensional diffusivity Deff having dimensions [L2 T-1], a cleverly chosen non-

dimensionalities  D’eff= (Deff t1)/x1
2 , and setting x1  equal to 1 typical length unit (e.g., 1 ft 

for US shale operators), then we the non-dimensional D’eff in Eq. (8.30a) becomes 

numerically equal to the dimensional diffusivity Deff in Eq. (8.30b), the latter being 

expressed in ft2/day. Also, the time taken to cover -- by diffusion from the planar source 

(hydraulic fracture) where the BHP was initiated – the unit distance x1 = 1 ft, corresponds 

to the period of initial well rate growth (as the pressure gradient becomes established in the 

reservoir pace) and after the pressure transient passes distance x1 = 1 ft, then the pressure 

decline sets in. Consequently, the pressure transient time-of-flight to cover the travel 

distance x1 corresponds to the peak well rate at  x1= 1. 

In accordance with the scaling of real well-rate performance with history-matched 

hydraulic diffusivities [360], it is worth highlighting that the effective diffusivity, 𝐷𝑒𝑓𝑓, as 

defined in this study, is a dynamic parameter that is sensitive to changes in the pressure. 

However, using Eq. (8.30) would yield a single value of 𝐷𝑒𝑓𝑓, that best fits the data. This 

value should be taken with caution and considered as an average value, incorporating 

different mechanisms over the spanned data. 
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 Case study and Input data for the study 

The case study uses the original Gangi’s bed-of-nail model of Eqs. (8.8) and (8.9) in our 

Section 8.2.2, and a dataset provided by Wasaki and Akkutlu [137]. Consequently, Darcy’s 

flow was coupled with molecular diffusion flux of the sorbed phase using the apparent 

permeability model developed in Section 8.2.2. The input dataset given in Table 31 

contains methane gas properties, rock and fracture specifications, Gangi’s model 

parameters, and diffusion tortuosity range for the sensitivity analysis. 

Table 31 Input data for the sensitivity analysis in this research. 

Variables Symbols Value Unit 

Pressure and methane gas parameters 

Initial reservoir pressure 𝑃0 4073 psi 

Bottom hole pressure 𝐵𝐻𝑃 500 psi 

Langmuir amount 𝑛𝐿 0.1245 mol/kg 

Gas molecular mass 𝑀𝑔 16 g/mol 

Size of gas molecule dm 0.38 nm 

Gas critical pressure 𝑃𝑐 45.922 bar 

Gas critical temperature 𝑇𝑐 190.56 Kelvin 

Langmuir pressure 𝑃𝐿 2,000 psi 

Temperature 𝑇 413 Kelvin 

Rock and fracture parameters 

Average porosity 𝜙 6.0 % 

Total organic content 𝜀𝑔𝑟 2.0 wt.% 
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Representative kerogen pore size 𝑟̅𝑒𝑓𝑓,𝑜𝑟 0.26 nm 

Kerogen tortuosity 𝜏𝑑 2.0 -3.9 No dim. 

Adsorbed layer correction factor 𝜀𝑠 0.46 No dim. 

Fracture height ℎ𝑓 125 ft 

No. of fracture(s) 𝑛𝑓 1 No dim. 

Kerogen matrix density 𝜌𝑔𝑟 1,300 kg/m3 

Fracture half length 𝑦𝑓 32.8 ft 

Fracture drainage area 𝐴𝑓 26,910 ft2 

Gangi’s bed-of-nails model parameters 

Permeability at zero effective pressure 𝑘𝑜 100 × 10−6 mD 

Surface roughness factor for slit pore, m 𝑚 0.5 No dim. 

Bulk modulus of shale  𝐾𝑠ℎ 20 GPa 

Fraction of slit pore surface covered with asperities 𝐴𝑝 𝐴𝑇⁄  0.1 No dim. 

Confining pressure 𝑃𝑐 50 Mpa 

 

8.3 Results and discussion 

 Rock and fluid model validation 

Fluid models 

The Z-factor, fluid viscosity, and isothermal compressibility coefficient (Eqs 8.1 – 8.3) are 

inputs to the simulation scheme adopted in this study. The fluid properties were validated 

against experimental data obtained from the National Institute of Standards and 

Technology (NIST) database, as shown in Figure 60a-c. The NIST comprehensive data 
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archive allows analytical chemists and scientists to obtain physical and chemical properties 

of materials. The results show that the selected models are representative of methane gas 

behavior at some typical reservoir pressure depletion profile (i.e. Z-factor, viscosity, and 

isothermal compressibility).  

   

Figure 60  Fluid models employed for the simulation in this study. (a) Gas compressibility/Z-factor; (b) Gas 

viscosity; (c) Isothermal compressibility coefficient. Models were validated using the NIST database for methane 

gas at 350 K. 

 

Apparent permeability model performance 

In comparison with existing gas permeability models, the one derived in this paper has the 

advantage of describing coupled Darcian and sorbed gas molecular diffusions. The Darcian 

component of the model for the slit-shaped inorganic matrix was previously validated 

experimentally by Wasaki and Akkutlu [137]. However, the self-diffusivity component of 

the permeability model derived by Wasaki and Akkutlu assumes constant molecular 

diffusivity coefficient. This assumption, as highlighted by the authors, limits the range in 

which the model can describe molecular diffusion accurately to high pressure, where 

diffusion is primarily controlled by the Fickian mode (i.e., Fickian diffusion is linked to 

the mean free path where there is no boundary effect). This assumption is reasonable in 

macropores (> 50 nm) at high pore pressure. The pressure, however, is anticipated to be 

lowest near the hydraulic fractures, and the non-Fickian mode (i.e., considering the 

boundary effect on self-diffusion imposed by the confined space at lower pressure causes 
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the molecules to equally collide with the pore walls and themselves). As a significant 

portion of the sorbed gas resides within the micropores, discounting the non-Fickian effect 

highly impacts the accuracy of describing sorbed phase flux by around one order of 

magnitude, as shown in Figure 61.  

 

Figure 61  The apparent permeability model adopted in this study in comparison to Wasaki and Akkutlu [137] 

model, showing a broader range of applicability at high and low pressure. 

Knudsen number, 𝐾𝑛 is used to characterize the mode of molecular diffusion. 𝐾𝑛 depends 

mainly on pore pressure, properties of the gas and effective size of pores [350,360]. In our 

previous study [350], we showed that the molecular diffusion in micropores has 𝐾𝑛 values 

within a range that falls into the transition and Knudsen diffusion modes. Fixing the self-

diffusivity coefficient at a given value may cause errors in tracking the pressure wave 

propagation. Moreover, the error is subject to accumulation as the simulation proceeds. 

The adopted permeability model in this work has the capability to overcome that limitation. 
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 Hydraulic diffusivity  

To establish some fundamental understanding of the factors controlling shale productivity, 

the simulation scheme is applied first without the molecular diffusion term of the apparent 

permeability. The objective is to quantify the influence of confining pressure. In this 

context, the effective diffusivity is referred to as the hydraulic diffusivity. 

The original matrix permeability at zero effective pressure was assumed as 100 nD 

(100 × 10−6 mD). This is a typical value of shale matrix permeability reported in the 

literature [44,137,219]. The permeability is subject to reduction by pore compaction using 

the Eq. 8.8 model described in section 8.2.2. The impact of confining pressure was studied 

considering two cases. The first one is ‘without 𝑃𝑒𝑓𝑓’, which utilizes 𝑘𝑜 (i.e. constant value) 

to compute the hydraulic diffusivity, and consequently the production rate, cumulative 

production over a time span of 416 days. The second case is referred to as ‘with 𝑃𝑒𝑓𝑓’, 

where the pore pressure at each time step is used to update the permeability for the new 

effective confining pressure. 
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Figure 62  The impact of pore compaction on production rate in shale reservoirs penetrated by a single fracture, 

with properties defined in Table 31. The log-scale was used to show the variation in the production rate at an 

early time. The effect observed on peak rate is due to the compaction effect that was coupled to the original 

Gaussian solution. 

 

A quick assessment of the new matrix permeability under confining pressure shows that 

the initial permeability is reduced by around 29%, to 71.77 × 10−6 mD. Figure 62 shows 

the production profile in 416 days span for the two cases. There is around 32.2% peak rate 

gap at early time due to pore compaction. The two production curves merged afterwards 

as the production rate diminished. The cumulative production is calculated using Eq. (8.30) 

and as shown in Figure 63. The results showed around 8.34% cumulative production 

difference during the same period. All cases presented in the subsequent sections account 

for the permeability reduction modeled by incorporating the effective confining pressure. 
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Figure 63  The impact of pore compaction on the cumulative production. 

 

 Coupling organic matter flux: effective diffusivity  

In this subsection, the same numerical approach is followed but with the full definition of 

apparent permeability which has both the hydraulic convection corrected for the confining 

pressure, and the molecular diffusion terms. The flux from the organic matter, as presented 

in the methodology section, is controlled by the effective organic pore size, the tortuosity, 

and the sorption capacity. Hence, a parametric study combining all of these factors are 

needed. The effective pore size and the tortuosity were selected in accordance with a prior 

study [286] while the range of sorption capacity reported by Wasaki and Akkutlu [137] 

was used. A summary of the considered cases is given in Table 32. 

Table 32  Parametric study input cases utilized to show the effect of organic matter transport properties on the 

production rate and cumulative production for a single fracture miniature model. 

Cases 𝝉𝒅 𝑽𝒔𝑳  𝒓𝒆𝒇𝒇,𝒐𝒓  



236 

 

(𝒔𝒄𝒇/𝒕𝒐𝒏) (𝒏𝒎) 

1 1.5 50 0.26 

2 3.19 50 0.26 

3 1.5 50 1.0 

4 1.5 150 0.26 

5 3.19 50 1.0 

6 3.19 150 1.0 

7 1.5 150 1.0 

8 3.19 150 0.26 

 

Gaussian pressure transient profiles 

The molecular diffusion term that is part of the permeability model. It could alter the 

depletion rate and hence, the pressure profile. The degree by which molecular diffusion 

impacts the reservoir dynamics is linked to a combination of organic matter petrophysical 

characteristics. Higher values of tortuosity reflect more restriction to the molecular 

diffusion rate while larger pores positively impact the diffusion. The sorption capacity, on 

the other hand, controls the amount available for molecular diffusion. Figure 64 shows the 

pressure profile of a case that has the lowest tortuosity, largest pore size, and highest 
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amount of sorbed gas in comparison with a base case that has no contribution of molecular 

diffusion at all. The two pressure profiles show the minimum and maximum impact of 

molecular diffusion considering the selected range of parameters in this study. The results 

suggest that the molecular diffusion could influence the propagation of pressure waves. 

The pressure profile for the other cases listed in Table 32 were in between the two extreme 

scenarios depicted in Figure 64. The variation between the cases suggests that the 

contribution of molecular diffusion to the overall transport is highly sensitive to the amount 

and the local heterogeneity of the organic matter. 

 
 

Figure 64  Gaussian pressure transient solution for a) base case decoupling molecular diffusion and b) 

incorporating the full definition of the apparent permeability as given by Eq. (8.23) with the molecular diffusion 

parameters given by the seventh case in Table 32. 

 

Gaussian production rate and cumulative production 

The rate of production from the matrix through the hydraulic fracture to the wellbore was 

calculated using Eq. (8.28) for the eight cases in Table 32. The expected trend is largely 

dependent on the reservoir pressure transient, BHP, production period, and effective 

diffusivity. It is assumed that the origin (0,0) represents the wellbore location with a 

constrained BHP (as the sum of the wellhead pressure and the pressure drop in the tubing) 
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that is controlled by the hydraulic fracture and well completion. As a result, it is accurate 

to select a well position between 0 and 1, (0, 0) < (𝑥, 𝑦) ≤ (0, 1), in the evaluation of the 

production rate using Eq. (8.28). 

Combining the pore compaction controlled Darcian flow with self-diffusion from organic 

matter reveals a dependency of the flow rate on the organic matter heterogeneity and 

sorption characteristics (Figure 65). Figs. 8a and 8b are for organic matter with lower 

(𝑉𝑠𝐿 = 50 𝑠𝑐𝑓/𝑡𝑜𝑛) and higher sorption capacities (𝑉𝑠𝐿 = 150 𝑠𝑐𝑓/𝑡𝑜𝑛) respectively. 

Given that the pressure in the organic matter and inorganic matrix is at equilibrium, the 

organic matter with higher capacity is capable of releasing larger amount of sorbed gas 

than the low sorption capacity cases, by few margins to one-third higher depending on the 

heterogeneity and effective size of the pores. The magnitude of the peak rate at the onset 

of the production is higher for the less tortuous (𝜏𝑑 = 1.5) and larger effective pore size 

(𝑟𝑒𝑓𝑓,𝑜𝑟 = 1.0 𝑛𝑚) compared to the more tortuous  (𝜏𝑑 = 3.19) with smaller effective size 

(𝑟𝑒𝑓𝑓,𝑜𝑟 = 0.26 𝑛𝑚) case.  

 

  

Figure 65  Gaussian production rate profiles for organic matter with maximum sorption capacity of (a) 50 

scf/ton (b) 150 scf/ton with a different combination of tortuosity and effective pore size. 
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Similarly, the cumulative production (in Mscf) over the same production span is presented 

in Figure 66. A corresponding increase in cumulative production ranging between 6.7 – 

35.1% compared to the base case of no organic matter flux could be observed. 

  

Figure 66  Gaussian cumulative production profiles for organic matter with maximum sorption capacity of (a) 

50 scf/ton (b) 150 scf/ton with a different combination of tortuosity and effective pore size. 

 

Relative importance of molecular diffusion to Darcian flow 

The Gaussian Péclet number [360] serves as an indicator of the relative importance of the 

advective and diffusive mechanisms. For Pe>>1, the advective mass transport advances 

faster than molecular diffusion. On the other hand, Pe<<1 suggests that molecular diffusion 

outpaces the advective one. Here, Péclet number was evaluated at a dimensional unit 

distance position close to the fracture plane (𝑥, 𝑦) = (0,1). Such an approach makes it 

possible to estimate the effect of time and local heterogeneity of the organic matter on the 

overall transport.  Figure 67 shows that, regardless of the organic matter characteristics, 

Péclet number is high during the early stages of depletion, suggesting that the transport is 

mainly controlled by the pressure-driven mass flux through the permeable inorganic rock 

matrix. Over time, the transport shifts more toward molecular diffusion. The molecular 
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diffusion starts earlier in organic material with higher self-diffusivity characteristics. The 

contribution of molecular diffusion is latest for the lowest self-diffusion characteristics case 

(i.e. 3.19 tortuosity and 0.26 nm effective pore size).  

 

  

Figure 67  Relative contribution of Darcian flow and molecular diffusion flux to overall mass transport, based 

on the Gaussian Péclet number equation evaluated at 1 ft from the origin of the pressure change source with 

maximum sorption capacity of (a) 50 scf/ton (b) 150 scf/ton with a different combination of tortuosity and 

effective pore size. 

8.4 Strengths and limitations of the new approach 

 Novelties and advantages  

Pre-Darcy gas flow processes that predominantly occur in smaller pores have been 

extensively studied with molecular dynamic, pore network and lattice Boltzmann 

simulation studies. The needs for sensitivity studies of the effect of multiple physical 

parameters on the gas transport and integration for reservoir and field scale applications 

require that researchers develop realistic physical models. There are several theoretical 

models for accounting for the nanoscale transport mechanisms in shale reservoirs besides 

the Darcy flux which can be obtained by laboratory scale evidence. The merits and demerits 

of the existing models have been thoroughly considered by Javadpour et al. [362] and Cai 

et al. [218]. Accurately mimicking the complexities of the pore shapes as evident from high 
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resolution scanning of shale samples and material deformation characteristic at nanoscale 

require more studies. The relationship between the sorption characteristics of the organic 

matter, diffusion tortuosity, organic matter mechanical properties and self-diffusivity has 

not gained much attention. Interestingly, molecular simulation frameworks from our 

research group particularly using realistic kerogen structures [286,293,299,307,350,363], 

have provided the background to understand the role of diffusion tortuosity, geomechanics 

in organic matter micropores of different pore shapes undergoing sorption on the self-

diffusivity of gases.  

In terms of multiscale description of gas flow in hydraulic fractured shale reservoirs, there 

are some grid-based simulations [214,215] and machine learning coupled solutions 

[217,218] proposed in the literature. To the best of our knowledge, a physics-based, 

gridless and fast-forward modeling framework for calculating the production rate in shale 

gas flow from the hydraulic fractures, to the matrix and organic matters pore scales, based 

on production data is still challenging. In addition to the existing solutions that may require 

specialized know-how to implement and time-consuming, the recent breakthrough 

Gaussian pressure transient solution developed by Weijermars [219] has provided the 

opportunity for a fast and forward modeling of shale gas production using field data.  

Nevertheless, the pressure diffusivity equation was solved in prior studies 

[219,351,360,364] using the Gaussian pressure transient. The prior applications were 

conceptualized on constant values of the hydraulic diffusivity. The new addition in the 

present study is the use of pressure-dependent effective diffusivity that accounts for the 

changes in permeability due to pore collapse and molecular diffusion flux from the organic 

matter. The present scheme has the advantage of being a closed-form solution, which gives 
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infinite resolution and allows for precise computations without the use of any grids. 

Moreover, it provides a bridge between the hydraulic diffusivity models based on Gaussian 

pressure transient and nanoscale self-diffusivity equations for complete forward 

description of the multiscale physics in shale.  

 Limitations 

The coupling of GPT and the traditional pore-scale equation of Gangi [282] brings to the 

forefront the crucial need to review the validity of Gangi’s approach and its underlying 

assumptions. The Gangi’s formula showed that the permeability reduction by pore 

compaction could be translated to almost 8.34% reduction in cumulative production. One 

obvious concern is that the effective confining pressure was treated as a scalar quantity, 

whereas in physical reality the effective stress is a tensor. Updating Gangi’s simplistic 

scalar approach with tensor-based solutions is currently in progress by our research group 

[365,366]. 

In addition, the simulation algorithm presented here assumed infinite conductivity. In other 

words, the integral input factors that controls the dimensionless fracture conductivity (𝐹𝐶𝐷) 

such as fracture permeability and width are not defined. Rather, the hydraulic fractures’ 

total surface area was considered which is highly uncertain and determined by the hydraulic 

fracture half length, number of fractures, and fracture height.  

Again, the mathematical description of the gaussian solution in this study assumed that the 

pressure interference from nearby fractures which is controlled by fracture spacing is 

negligible. However, not accounting for the seemingly apparent boundary effect on the 

reduction of initial production could introduce some erroneous prediction of flux in a 
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hydraulic fractured reservoir. For simplicity, this research assumed a constant fracture 

height and half-length and calculated from the total fracture surface area (TFSA) as 𝐴𝑓 =

2𝑛𝑓𝑦𝑓ℎ𝑓. 

 

8.5 Conclusions 

This study introduced a framework for production forecast modeling in shale gas reservoirs 

by coupling the traditional Darcian pressure diffusion with molecular diffusion through an 

apparent permeability model. The Gaussian pressure transient and the derived Gaussian 

Péclet number provide a mathematical framework for computing the relative contributions 

of molecular and pressure diffusion to the advance of the pressure depletion in the reservoir 

through the introduced permeability model. Some preliminary conclusions are drawn: 

• The production rate is sensitive to the compaction effect on apparent permeability. 

Discounting the pore compaction leads to variation in the production rate by up to 

32% in the cases considered in this study. 

• The contribution of the mass flux from the organic matter is sensitive to the local 

heterogeneity of the organic matter and the sorption capacity. Up to one-third 

additional cumulative production rate was observed for the high self-diffusivity 

case.  

• The findings reported in this study highlight the range of organic matter 

characteristics where non-Darcian molecular flux becomes relevant. Low sorption 

capacity, and highly heterogeneous tight organic matter may have negligible 

contribution to the overall production during typical production span. 

• It is recommended that future research considers the effects of phase behavior 
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changes and multi-phase fluid transport in shale reservoirs, following a similar 

approach. Also, the impact of fracture interference due to spacing and imposed 

apparent boundary effect on production rate should be investigated 
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9 CHAPTER 9 

CONCLUSIONS AND RECOMMENDATION  

9.1 Conclusions 

In this study with realistic kerogen microporous structure, a unique method of computing 

the diffusion tortuosity which is representative of the organic matter geometry and free of 

sorption interaction influence. The insights from decoupling and understanding of the 

kerogen pore structure, and the mechanisms of adsorption and self-diffusivity was utilized 

to develop novel analytical self-diffusivity and gas permeability models that could be 

validated with both experimental and molecular simulation data. Consequently, a new 

simulation workflow was introduced for forward modeling of production rate in hydraulic 

fractured shale gas reservoirs based upon Gaussian pressure transient solutions. The main 

outcome from this work is summarized as follows: 

• Clay and organic matters host significant quantity nanopores containing stored fluid 

in shale. Kerogen is heterogeneous and representative of common organic matter 

found in shale by composition of carbon, hydrogen, oxygen, nitrogen and Sulphur. 

• Capillary condensation and evaporation curves revealed clays contain more 

mesopores and macropores of 2-50 nm and >50 nm, respectively. The pore 

distribution plateaued around an average of 100 nm. The limiting distribution 

confirmed the suitability of the Barrett-Joyner-Halenda technique to compute most 

of the fluid volume contained in clay mesopores.  
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• Kaolinite clay (74.43 𝑐𝑚3 𝑔⁄ ) hosts the highest amount of N2 adsorbed at STP 

followed by montmorillonite (65.08 𝑐𝑚3 𝑔⁄ ), chlorite (21.01 𝑐𝑚3 𝑔⁄ ) and illite 

(16.59 𝑐𝑚3 𝑔⁄ ) has the least capacity. In the same vein, the pore capacity to store 

fluid and average pore size assessed at 77.4 K follow a similar pattern and increase 

with aluminum and clay contents.  

• Kerogen is a highly tortuous confined porous medium. A realistic kerogen structure 

can be formed from single kerogen macromolecules through molecular dynamics 

simulation. 

• Gaussian distribution function showed that kerogen structure is log-normally 

distributed, exhibits a unimodal pore profile and best describes a characteristic pore 

size in circular pores geometry.  

• However, MD calibration showed that the representative pore size in circular 

kerogen geometry is best obtained with Gaussian PSD or 2.4𝑉𝑝/𝑆𝑝 (not perfectly 

spherical) while Song 2020 model gives better estimate for slit pores equiv. pore 

radius. 

• During typical depletion when there is a reduction in the internal gas pressure, 

ultramicropores (4-7 Å) are more prone to pore compressibility compared to 

around 7-20 Å owing to their lower closure pressure. 

• Methane recovery from kerogen is believed to be controlled by self-diffusivity. The 

degree of tortuosity reduces the methane diffusion coefficient from the theoretically 

calculated value. 
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• Kerogen exerts some attraction forces on methane, causing physi- and 

chemisorption. Sorption effects impose an additional barrier on methane self-

diffusivity.  

• The high estimate of gas diffusion tortuosity in the literature is mainly attributed to 

the sorbed layer, a gas storage mode in shale which is desorbed and contribute to 

production during typical depletion span. 

• Sorption mechanism in tortuous cylindrical pores resembles absorption while 

slitpores is adsorption. Adsorbed layer effect diminished with increase slitpores 

sizes, while absorption density ratio is marginally affected by increase in 

micropores sizes. 

• Furthermore, absorption and adsorption mechanisms had a relatively more 

pronounced effect on self-diffusion at low pressure (around <10 Mpa or 1500 psi) 

because of non-Fickean effect relative to Fick regime that occurs at higher pressure. 

• Adsorption thermodynamic revealed that kerogen follows multisite Langmuir 

model and type I isotherm 

• Diffusion tortuosity after correcting for the sorbed gas is within a close proximity 

to the range of 2.0 to 3.6, and represents real kerogen geometry factor. 

• Multiphysics-based effective diffusion model was proposed and validated by 

computationally generated data. The equation is accurate in predicting effective 

diffusion in different kerogen type II-A, II-C and II-D configurations and over a 

wide range of gas pressure. 

• A new apparent permeability model was developed to update and improve the 

accuracy of the organic flux components. In the validation process, the proposed 
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model agreed reasonably well with the experimental data and had better 

predictability of oxygen’s molar flux through macropore-sized tubes, as compared 

to the Knudsen diffusion and forced viscous Hagen-Poiseuille flow (K/HP) 

analytical and Javadpour models. Interestingly, it tests relatively well with 

mesoporous kerogen permeability data. A comparison of the performances of the 

new multi-physics and existing models showed that the apparent and surface 

permeability predictions were within the prevailing uncertainty bands. In other 

words, the descriptions of the relative contributions of the fluxes and total fluxes 

were within a possible range. 

• The sensitivity studies revealed that the role of surface diffusion in the apparent gas 

permeability expanded substantially as the pore size decreased. Specifically, 

diffusion in adsorbed layers of gas was found to constitute more than 50% of the 

apparent permeability in that range of pore sizes for pressures below 10 MPa and 

5.0 MPa in micropores and mesopores, respectively. At higher pressures, there was 

a crossover of dominancy from surface diffusion to viscous flux. The influence of 

the Darcy scale flow was notable as the pore size increased. 

• Viscous flux based on the Darcy law was determined to be valid for describing the 

total flux in a material that contains mainly macropores (> 50 nm pore sizes). At 

the same time, increased intermolecular interactions were found, as compared to 

molecule-wall collisions. Thus, the assumption of a continuum flow regime should 

only be considered valid at extremely high pressures, above 10 MPa in the 

mesopores considered in the present study. Molecular diffusions such as surface 

and pore diffusion were negligible at elevated pressure conditions. 
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• Decoupling the adsorption effect when calculating the self-diffusivity could 

significantly overestimate the total permeability. Although pore diffusion 

permeability is reduced with increased diffusion tortuosity, the apparent 

permeability and non-Darcy correction factor for gas in 0.6 nm pores (on average) 

were unaffected by the micropore structure parameter, except at pressures above 10 

MPa.  

• In 50 nm and 235 nm pores, the total diffusion permeability was negligible relative 

to the Darcy flow in the slip regime. However, there was a notable influence of the 

adsorption equilibrium factor, particularly in the slip, transition, and Knudsen 

diffusion regimes, and interestingly, the overall contributions of the surface layer 

and pore diffusion increased as the pore size decreased, and that increase was in the 

same order from the slip to Knudsen regime. 

• The deviation of gas permeability from the Darcy flow in shale and ultra-tight rocks 

was found to be higher across all transport regimes when the influence of the 

adsorption forces on pore and surface diffusion flux was considered. Thus, reservoir 

management strategies must consider these dynamics throughout the life cycle of a 

gas field asset. 

• Finally, a new framework for production forecast modeling in hydraulic fractured 

shale gas reservoirs by coupling the traditional Darcian pressure diffusion with 

molecular diffusion through an apparent permeability model was introduced. The 

production rate is sensitive to the compaction effect on apparent permeability. 

Discounting the pore compaction leads to variation in the production rate by up to 

32% in the cases considered in this study. 
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• The contribution of the mass flux from the organic matter is sensitive to the local 

heterogeneity of the organic matter and the sorption capacity. Up to one-third 

additional cumulative production rate was observed for the high self-diffusivity 

case. The findings reported in this study highlight the range of organic matter 

characteristics where non-Darcian molecular flux becomes relevant. Low sorption 

capacity, and highly heterogeneous tight organic matter may have negligible 

contribution to the overall production during typical production span. 

 

9.2 Recommendations 

Natural gas contains mainly methane gas; however, some gas fields produce associated 

condensates or liquid fractions of C2 and C3. Therefore, there is a need to understand how 

the phase behavior is affected by micropores over the reservoir pressure depletion span. 

Besides, the workflows introduced from micropores to hydraulic fractures macropores in 

this research can be extended to other trending studies. Consequently, the 

recommendations are as follows: 

• Study the effect of phase behavior changes, such as critical pressure and 

temperature shifts in shale gas nanopores on Gaussian production rate forecast. 

• Extend the study to methane/ethane/CO2/H2O system to investigate the diffusion in 

kerogen with this study as basis knowledge and propose a multicomponent self-

diffusivity model. 

• Improve the new multiphysics forward simulation algorithm to integrate complex 

fracture geometry and multiphase fluid system. Consequently, validate the 

approach with a CMG/Eclipse commercial simulator by history matching rate and 
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pressure with real field data. 

• Heat production forecast from hydraulic fractured geothermal reservoir using 

temperature transient analysis.  

• Modeling hydrogen storage in depleted organic-rich shale gas reservoirs. 

• Develop a tensor-based stress transient model for 2D and 3D modeling of 

uplift/subsidence during simultaneous supercritical CO2 storage and natural gas 

production. 

 

Nomenclature 

𝐴𝑚 = 0.162 𝑛𝑚2 is nitrogen molecule surface area at 77 K  

𝑐𝐵𝐸𝑇  BET isotherm fitting constant 

𝑁𝐴      Avogadro’s number (6.022 × 1022
𝑛𝑢𝑚𝑏𝑒𝑟

𝑚𝑜𝑙
)  

𝑝𝑜      Standard pressure of N2 gas ~1.02 bar at 77.4 K 

𝑝 𝑝𝑜⁄   Relative pressure of N2 gas between 0.001~0.995 and 77.4 K 

𝑟         Pore radius (m) 

𝑅 = 8.314 J/Kmol is universal gas constant  

𝑠𝐵𝐸𝑇    Total specific surface area (m2/g) 

𝑆𝑒𝑥𝑡     Non − micropores specific surface area  

𝑆𝑚𝑖𝑐    Micropores specific surface area 

𝑡𝑎𝑑𝑠     Statistical thickness of adsorbed layer (Å) 

𝑇         Temperature (𝐾)  

Vads     Total volume of adsorbed N2 gas at 𝑝 𝑝𝑜⁄ = 0.001~0.995 and 77.4 K (m3/kg) 

𝑉𝑚       Monolayer adsorption capacity (cm3/g)  
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𝑉𝑚𝑖𝑐    Micropore filling volume  

𝑉𝑚𝑜𝑙   Molar volume (m3/mol)  

𝛼        Shape factor of the gas/liquid interface during adsorption  

∆𝐻𝑚   Heat of gas condensation  

𝛾         Surface tension of liquid nitrogen (N/m)  

 𝐷𝑥,𝑒𝑓𝑓 = effective or self diffusion coefficient in the x − direction 

 𝐷𝑦,𝑒𝑓𝑓 = effective or self diffusion coefficient in the y − direction 

 𝐷𝑧,𝑒𝑓𝑓 = effective or self diffusion coefficient in the z − direction 

𝐷𝐹𝑖𝑐𝑘, 𝐷𝐹 = Fick′s diffusion coefficient,𝑚
2 𝑠⁄  

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛 = Knudsen diffusivity coefficient,𝑚
2 𝑠⁄  

𝐷𝑒𝑓𝑓 𝐾,𝑐𝑖𝑟 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 Knudsen diffusivity coefficient in circular geometry,𝑚2 𝑠⁄  

𝐷𝑒𝑓𝑓 𝐾,𝑠𝑞𝑢 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 Knudsen diffusivity coefficient in square geometry,𝑚
2 𝑠⁄  

𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 = transition diffusivity coefficient,𝑚2 𝑠⁄  

𝐷𝑒𝑓𝑓 = effective diffusion coefficient,𝑚
2/𝑠 

𝐷𝑒𝑓𝑓,𝑐𝑖𝑟 = Effective diffusion coefficient in circular geometry,𝑚
2/𝑠 

𝐷𝑒𝑓𝑓,𝑠𝑞𝑢 = Effective diffusion coefficient in square geometry,𝑚2/𝑠 

𝐷𝑠 = surface diffusion of adsorbed gas,𝑚2 𝑠⁄  

𝐷𝑜 = bulk phase diffusion coefficient,𝑚
2/𝑠 

𝑑 = pore size,m  

𝑑𝑚 = gas molecular diameter,m 

𝐷𝑓 = surface roughness factor, 2 ≤ 𝐷𝑓 ≤ 3 

𝐸𝐿𝐽, 𝐸𝑁𝐵 = Lennard Jones potential energy or non − bonded LJ potential energy 

𝐸𝐶 = Coulomb potential energy 

𝑓𝑖 = fugacity, 𝑃𝑎 

𝑓𝑖 = ideal fugacity, 𝑃𝑎 
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𝐺𝑖𝑗𝑘 = binary array of the 3D grid 

𝐾𝑛 = dimensionless Knudsen number 

𝑘∞ = liquid permeability, m2 

𝑘𝐵 =  Boltzmann constant, J/K 

𝑀 = gas molar mass, 𝑘𝑔 𝑚𝑜𝑙⁄  

𝑀𝑘𝑒𝑟 = kerogen molecular mass, 𝑘𝑔/𝑚𝑜𝑙 

𝑚𝑘𝑒𝑟  = mass of condensed kerogen structure, 𝑘𝑔 

𝑁𝐴 = Avogadro number (1/mol) 

𝑁𝑎 = number of kerogen structures 

𝑁𝑎𝑚 = 𝐺𝑖𝑏𝑏𝑠 number of adsorbed molecules from simulation (dimensionless) 

𝑁𝑡𝑜𝑡𝑎𝑙 = 𝑡𝑜𝑡𝑎𝑙 number of moles of molecules (mol) 

𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = excess adsorption amount,𝑚𝑜𝑙 

n̂excess =Specific excess adsorption amount, mol/kg  

𝑛 = absolute adsorption amount per adsorbent,𝑚𝑜𝑙𝑒 

𝑁𝑋 = number of grid numbers in the x − direction 

𝑁𝑌 = number of grid number in the y − direction 

𝑁𝑍 = number of grid number in the z − direction 

𝑛𝑎𝑑𝑠
𝐺𝑖𝑏𝑏𝑠 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 

𝑛𝐿 = maximum adsorbed capacity for the adsorbent,mol 

n̂L =Maximum adsorbed capacity for the adsorbent, mol/kg 

𝑃(𝑟𝑠) =  pore radius distribution 

𝑝 = pore pressure, 𝑃𝑎 

𝑝𝐿 = 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 pressure , 𝑃𝑎 

𝑟̅𝑒𝑓𝑓 = Effective pore radius  

𝑟̅𝑒𝑓𝑓,𝑐𝑖𝑟 = Effective pore radius in circular geometry  
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𝑟̅𝑒𝑓𝑓,𝑠𝑞𝑢 = Effective pore radius in square geometry  

𝑅 = universal gas constant, 𝐽 𝐾.𝑚𝑜𝑙⁄   

𝑟𝑖𝑗 = distance between the sphere center and particles  

𝑟𝑠 = sphere radius  

𝑇 = temperature, 𝐾 

𝑉𝑝𝑜𝑟𝑒 = volume of pores,𝑚3  

𝑉𝑡𝑜𝑡𝑎𝑙 = volume of total kerogen box model,𝑚
3 

𝑉𝑎𝑑𝑠 = adsorbed phase volume,m3 

𝛼(𝐾𝑛) = rarefaction coefficient 

𝛽 =  Adsorption impact factor, (β ≥ 0) 

𝜎 = molecular diameter,𝑚 

𝜆 = mean free path,𝑚 

𝜀
𝑘𝐵⁄ = bond energy, 𝐾  

𝜀0 = dielectric constant, 𝐹𝑚
−1 

𝜇𝑖 = chemical potential, 𝐽/𝑚𝑜𝑙 

𝜇𝑖𝑜 = ideal chemical potential, 𝐽/𝑚𝑜𝑙 

𝜌𝑏𝑢𝑙𝑘 = bulk gas density,𝑚𝑜𝑙 𝑚
3⁄  

𝜌𝑘𝑒𝑟 = kerogen density, 𝑘𝑔 𝑚3⁄  

ρHe,b = bulk density of helium gas, 𝑚𝑜𝑙 𝑚3⁄  

𝜏𝑑 = diffusion tortuosity 

𝜏𝑑,𝑔𝑒𝑜 = Diffusion tortuosity in circular or square geometry 

𝜏𝑑,𝑔𝑒𝑜
′ = Diffusion tortuosity adsorption effect free in circular or square geometry 

𝜏𝑒 = electrical tortuosity 

𝜏𝑔 = geometric tortuosity 

𝜏ℎ = hydraulic tortuosity 
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𝜙 = porosity 

𝜑̂𝑖 = fugacity coefficient  

∆𝑡 = time interval 
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