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ABSTRACT

Molecular Simulation of Transport and Storage in Shale

Mohammad Kazemi

Over the past few years, the production of shale hydrocarbons has seen a renewed interest both in
science and industry. Indeed, these fluids today constitute a significant energy and economic stake
to compensate for the scarcity of so-called conventional resources. This is due to the fact that shale
gases and oils represent enormous potential resources and are present all over the world.
In shales, hydrocarbons are generally contained in microporous organic nanopores: kerogen. The
kerogen is both the source rock of hydrocarbons and their reservoir. In shales, the extreme confine-
ment of fluids in organic matter, high pressure-high temperature thermodynamic condition as well
as very low permeabilities, imply a significant change in the state of the fluids (present in adsorbed
form) and its transport mechanisms (diffusive). In this dissertation, we studied the physical prop-
erties (adsorption, transport) of kerogen as well as its carbon dioxide sequestration potential.
The characteristic scales in the shales are of the order of a nanometer, which is accessible today by
molecular simulations on supercomputers or even personal computers. Therefore, we have chosen to
study kerogens by molecular simulation. The objective of this work is to stimulate a fundamental
research on this subject in order to understand and model the mechanisms encountered in the shales
and thus to respond responsibly and sustainably to the energy challenges of the years to come.
Initially, the simplified kerogen models (carbon nanochannels and nanocapillaries) are developed and
transport and storage of different gases are studied. This part of research is beneficial for developing
analytical models of gas transport in organic nanopores. Furthermore, kerogens with different ma-
turities were generated by molecular dynamics simulations under thermodynamic conditions typical
of this type of reservoir (338 K, 20 MPa). In our simulations, the microporous network of kerogen is
created by the inclusion of dummy particles, which were deleted after kerogen structure is created.
The average density of the structures of organic matter created is in agreement with the experimen-
tal results obtained on such kerogens. The density is very strongly correlated with the stacking of
the kerogenic polyaromatic clusters which is a strong indicator of the coherence of the simulated
structures with respect to the experiments. We were interested in the transport of hydrocarbons
in the kerogen and have identified the mechanisms of mass transfer through kerogens and we have
been able to predict their evolution as a function of thermodynamic conditions (composition and
pressure). Based on the results, it is demonstrated that the higher the maturity of kerogen, the
higher is its adsorption capability. This is in agreement with experimental results of adsorption
on kerogen. Furthermore, it is shown that the permeation of fluid through the kerogen membrane
can be described by a diffusive formalism. The heavier alkanes have smaller diffusion coefficients
and as a result, they may trap inside organic nanopores. Multicomponent diffusion of mixtures
containing water and carbon dioxide is investigated and it is shown that water and carbon dioxide
have lowest diffusion coefficients compared with hydrocarbons. The diffusion coefficients of hydro-
carbons increases in presence of water due to higher adsorption capability of water and filling the
adsorption sites. Adsorption molecular simulations of binary mixture of methane and carbon dioxide
demonstrate that carbon dioxide have higher adsorption capabilities than methane. Binary mixture
diffusion simulation of these two components also shows that carbon dioxide molecules have lower
diffusion coefficients compared with methane. Therefore, injection of carbon dioxide into organic
matter causes the methane molecules desorb and produce.
In conclusion, this dissertation work consisted of developing models, algorithms, and methodologies
to predict the properties and mechanisms governing the behavior of the organic matter contained
in the shales by employing molecular simulations . This work aims to improve our understanding of
this type of resources.
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Chapter 1

Introduction

The United States’ Natural gas production from shale resources increased from 4 percent of total gas

production in 2005 to 40% in 2012, and is expected to rise to 53% in 2040. [105]. Shale is different

from conventional hydrocarbon resources due to presence of nanoporous organic matter (kerogen)

embedded within the inorganic matrix. Due to the nano-scale sizes of the pores in kerogen, transport

of gases in kerogen deviates from continuum–based on which Navier Stokes and Darcy equation are

derived. The pore sizes become comparable to the mean free path of the molecules, which causes

non-continuum flow regimes. Furthermore, depending on the gas type and intermolecular forces

between the gas molecules and solid molecules at the pore wall, the gas molecules in the vicinity of

the pore wall cannot escape from the force field at the pore wall. The tendency of gas molecules to

be adsorbed to the surfaces of the organic pores results in a heterogeneous fluid distributions within

the pores. Adsorption of gas molecules to the pore surfaces causes molecular level transport effects,

such as surface-diffusion. Therefore, experimental measurement of the transport properties of the

shale core samples, if performed with gases different from the gases originally present in the sample,

might result in different values of the transport constants. Without accurate measurement of the

transport coefficients, accurate prediction of the initial hydrocarbon in place and also recovery from

these resources remain limited [23, 44, 67].

Gas flow regimes are characterized by the Knudsen number, Kn, which is the ratio of the gas

mean free path to the characteristic length of the media. Flow regimes consist of continuum flow
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(0 < Kn < 10−3), slip flow (10−3 < Kn < 10−1), transition flow (10−1 < Kn < 10), and free

molecular flow (10 < Kn < ∞) [86]. In kerogen pores, the Knudsen number is larger than 0.1 [50]

and gas flow usually falls into the slip or early transition flow regime [21, 95]. Furthermore, due to

the attraction forces between gas molecules and solid molecules at the pore wall, density of the gas

molecules at the pore surface becomes higher than the middle of the pore; there is heterogeneous

density distribution of fluids in the pore. The adsorbed gas phase may contribute to the mass flux

across the channel. Therefore, there is a functional relationship between the surface coverage (or

adsorbed gas density) and transport of the gases in the pores.

Several attempts have been made to develop mathematical models for flow in extremely low perme-

ability porous media while accounting for rarefaction effects. Klinkenberg [64] took into account the

slip effect and experimentally found that the apparent gas permeability is approximately a linear

function of the reciprocal mean pressure. Beskok and Karniadakis [9] presented a formulation for

flow through a capillary tube having a circular cross-section based on the Navier-Stokes equations.

Due to non-equilibrium behavior of the gas on length scales of the order of mean free path, the

Navier-Stokes equations fail to describe flows in rarefied gases [99]. Zhu et al. [115] showed that the

measured gas permeability in tight porous media with Kn > 0.1 does not follow the Klinkenberg

equation and recommended a higher-order equation. Civan [22] developed correlations for Klinken-

berg slippage factor as well as tortuosity. Other authors also proposed correlations for Klinkenberg

slippage factor for tight porous mediums [34, 48, 91]. Tang et al. [101] developed a Lattice Boltz-

mann Method (LBM) for gaseous slip flow in microscale pore geometries; however, this method is

appropriate for flows with moderate Knudsen numbers (Kn ∼ 0.1) when using the kinetic boundary

conditions or maximizing an entropy.

Javadpour [44] used diffusive-advective gas flow model to develop an analytical model for apparent

permeability of the nanotubes. The total mass flux is determined by superposition of the Knud-

sen diffusion and advective gas flow driven by pressure forces. Knudsen diffusion term is derived

by fully diffusive gas-wall interaction assumption [70]; in the pressure force term, on the contrary,

gas-wall interactions can be adjusted by changing the Tangential Momentum Accommodation Co-

efficient (TMAC). Beskok and Karniadakis [9] used the Navier-Stokes equations with second order

slip boundary conditions and developed an equation for volumetric gas flow through single pipe

for Kn < 0.5 (unified flow model). Civan [22] employed the Beskok and Karniadakis [9] model to

develop an equation for apparent gas permeability. This model underestimates the apparent per-

meability due to the nonlinear behavior of gas near the wall that cannot be accounted for using
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Navier-Stokes equations.

Several numerical and experimental models for apparent permeability have also been proposed [2, 22,

34, 48, 90, 91, 101, 115]. The contribution of the surface roughness added to the Javadpour [44] model

by Darabi et al. [27]. The NAP model which was recently developed by Singh et al. [94] is claimed

to be a nonempirical model for ultratight porous media. In this model, the no slip flow is assumed to

remove the apparent permeability dependency on Tangential Momentum Accommodation Coefficient

(TMAC). However, the Knudsen diffusion term used in this model contains the assumption of fully

diffusive boundary condition (TMAC=1) [70].

The Boltzmann equation is valid for rarefied gas flows for all ranges of Knudsen number; however,

the numerical simulation of the Boltzmann equation is computationally expensive. In order to

overcome this problem, the Chapman-Enskog method [17, 19] and the method of moments of Grad

[35] were developed. Unfortunately, the Chapman-Ensgok method, in which the phase density is

expanded in powers of the Knudsen number, becomes linearly unstable for the second and third

order expansions (Burnett and Super-Burnett) and can not be used for simulation of processes with

small wavelengths [13, 85, 97]. In the method of moments of Grad [97], the Boltzmann equation is

transfered to a set of partial differential equations for the moments of differential equations (set of

moment equations). Although these methods are valid for higher ranges of Knudsen number, they

do not consider adsorption and desorption of gases to pore surfaces.

Molecular dynamics is an effective tool to study the details of fluid-fluid and fluid-solid interactions

in nano-scale conduits. Transport of gas molecules in microporous systems have been extensively

studied using three different MD simulation methods: equilibrium molecular dynamics (EMD),

external field Non-Equilibrium Molecular Dynamics (NEMD), and boundary driven non-equilibrium

molecular dynamics (dual control volume grand canonical molecular dynamics or DCV-GCMD)[4].

DCV-GCMD simulations have been used to investigate the sensitivity of transport properties of

methane, carbon dioxide, and nitrogen to pore size, porosity, and pressure gradient [33]. Jin and

Firoozabadi [47] investigated flow of Methane in carbon nanotubes using DCV-GCMD simulations

and the mobility of adsorbed phase in high and low pressures were demonstrated. They found that

the Knudsen diffusion and Hagen-Poiseuille equations can underestimate the Methane flow by one

order of magnitude. [59] studied the transport of four different gases, Methane and Argon (adsorbing)

and Helium and Neon (less-adsorbing). They showed that as the average channel pressure increases,

the contribution of the adsorbed phase to the total mass flux decreases. For organic nanocapillaries,
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DCV-GCMD simulations have shown that the Knudsen diffusion model underestimates the molecular

flux [57]. This underestimation was not a strong function of the pore size or the pore pressure.

NEMD simulations are easy to implement and computationally efficient for simulating the transport

phenomena; however, the equivalence of external forcing function that drives diffusion and the actual

chemical potential gradient has not been formally demonstrated [4]. NEMD simulations have been

applied to investigate the slippage of a non-adsorbing gas (Helium) in microporous media [32].

Feng et al. [31] carried out NEMD and DCV-GCMD to study the flow of Methane in nano-capillaries.

They showed that the surface transport of adsorbed Methane have a significant contribution to total

mass flux in nano-capillaries.

Comparing the transport properties of different types of gases in nano-scale conduits using NEMD

is challenging because these systems have many degrees of freedom, e.g., channel size, molecule size,

gas density, and therefore, finding equivalent systems is difficult. Furthermore, for systems under

confinement, there is a positional dependence of density and also the state variables, pressure and

temperature [103].

There have been some studies on the adsorption and transport of multi-component hydrocarbon

mixtures in shale organic matter using MD. Ma and Jamili [68] used Simplified Local-Density theory

coupled with Modified Peng-Robinson Equation of State to predict the density profiles of pure and

mixture hydrocarbons in confined pores. They found that the compositions of the fluid mixtures

are not uniformly distributed across the pore. Heavier component (n-butane) tended to accumulate

near the wall while lighter component (methane) would tend to stay in the center region of the

pore. Collell et al. [25] used EMD and boundary driven non-equilibrium molecular dynamics (BD-

NEMD) simulations to study the transport of fluid mixtures for different chemical compositions

through a molecular model of kerogen type II. They computed Onsagers coefficients for pure and

multi-component mixture of fluids. The results suggested that the flow inside kerogen is of diffusive

nature and that the transport properties can be calculated using EMD.

The importance of understanding gases flow in organic nanopores is not only limited to predicting

production from shale resources but also it is significant in understanding the capability of organic

matter for carbon dioxide sequestration. Carbon capture and sequestration (CCS) in depleted shale

gas reservoirs provides an opportunity for underground storage of the CO2. CO2 has higher affinity

to the organic matter of shale compared to CH4. Injecting CO2 into the shale reservoirs can cause

the CH4 molecules in the adsorbed state to be desorbed and and replaced by the CO2 molecules
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(enhanced gas recovery-EGR). Current understanding of the competitive adsorption/desorption pro-

cess of CO2 and CH4 and its impact on the efficiency of CCS is still insufficient. Furthermore, the

transport coefficients describing this process are not well defined.

In EGR and CCS processes in shale, the competitive adsorption equilibia is of significant importance.

There have been many approaches to determine the adsorption isotherms of pure CO2 and pure

CH4 to estimate the maximum capacity for CO2 storage and CH4 recovery including the volumetric

method [40, 71, 77], manometric method [62, 111], and gravimetric method [80]. Adsorption of

binary CO2-CH4 mixtures has also been measured using gravimetric-chromatographic method [79].

Molecular simulations have been proved to be credible alternatives to experimental measurements

of species adsorption in micoroporous materials [4]. GCMC simulations have been extensively used

to study the pure species adsorption in microporous carbon [12], and realistic molecular models of

coal [113] and shale [25] and species mixtures in microporous carbon [12].

There are few studies on species diffusion in EGR process in the literature. There are a few mecha-

nisms, such as inhomogeneous fluid distribution of the species, adsorption selectivity, and apparent

viscosity that manifest themselves into different diffusion coefficients, namely self-, corrected (or

Maxwell-Stefan), and transport diffusion coefficients. The transport diffusion coefficients of pure

CO2 and pure CH4 and CO2-CH4 mixtures can be calculated from their trajectories [113].

The objective for this work is to shed light on the the diffusion phenomena of the pure and binary

mixtures by performing molecular simulations in carbon-based organic nanochannels as well as kero-

gen 3D structures with different maturities.

Initially, the simplified kerogen models (carbon nanochannels and nanocapillaries) are developed and

transport and storage of different gases are studied. This part of research is beneficial for develop-

ing analytical models of gas transport in organic nanopores. Furthermore, kerogens with different

maturities were generated by simulations of molecular dynamics under thermodynamic conditions

typical of this type of reservoir (338 K, 20 MPa). In our simulations, the microporous network of

kerogen is created by the inclusion of dummy particles, which were deleted after kerogen structure

is created. The average density of the structures of organic matter created is in agreement with

the experimental results obtained on such kerogens. This is a strong indicator of the coherence of

the simulated structures with respect to the experiments, the density being very strongly correlated

with the stacking of the kerogenic polyaromatic clusters.

We were interested in the transport of hydrocarbons in the kerogen and have identified the mech-
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anisms of mass transfer through kerogens and we have been able to predict their evolution as a

function of thermodynamic conditions (composition and pressure). Based on the results, it is shown

that the permeation of fluid through the kerogen membrane can be described by a diffusive formal-

ism. The heavier alkanes have smaller diffusion coefficients and as a result, they may trap inside

organic nanopores.

1.1 Thesis Outline

This dissertation work consisted of developing models,algorithms and methodologies to predict by

molecular simulations the properties and mechanisms governing the behavior of the organic matter

contained in the shales. This work aims to improve our understanding of this type of resources.

Although these developments have been applied to the shales only theme, they are also part of the

more general framework of the modeling of amorphous microporous materials.

Chapter 2 outlines the fundamental principles of molecular simulations. Molecular simulations of

transport and storage in simplified organic nanopores (graphite nanochannels and nanocapillaries)

are presented. In chapter 4, binary adsorption and diffusion of methane and carbon dioxide is inves-

tigated with application to enhanced gas recovery. Chapter 5 is devoted to creating 3D structures of

kerogens with different maturities and studying the hydrocarbon transport and storage. Chapter 6

presents a summary and brief discussions of the results presented in the previous chapters and also

addresses future research that may be fruitful to other researchers.
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Chapter 2

Introduction to Molecular

Simulations

Molecular simulations are strong tools that are fruitful for many complex problems. They are per-

formed to study the behavior of ensemble of molecules that are hard to investigate using experiments.

For example, molecular simulations could help in studying properties of a material that cannot be

isolated easily or it is a good substitute for experiments that require high temperature and high

pressure environments. The molecular simulations can be used as a complement to experiments [3].

There are two main families of molecular simulations, i.e. molecular dynamics and Monte Carlo.

In molecular dynamic, materials are considered as a collection of atoms which exert forces to each

other defined by interaction potentials. The atoms in system move according to Newton’s equation

of motion. The equation of motion is solved numerically for all atoms in system which for a simple

system may be written,

mi
∂2ri
∂t2

= fi, fi =
∂

∂ri
U (2.1)

where fi is force, m is atomic mass, and ri is position of atom i. The forces between atoms depend

on position by interaction potential (U(rN ) where rN = (r1, r2, ...rN )). The molecular dynamics

method provide dynamic, structural and thermodynamic properties.

On the other hand, the main idea behind the Monte Carlo simulations is importance sampling.

In Monte Carlo simulations, the dynamics of system does not mimic the dynamics of real system;

however, the equilibrium properties of the system should correspond to the real system’s equilibrium
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properties.

2.1 The MD Algorithm

In order to simulate the motion of molecules, Eq. 2.1 needs to be solved numerically for all molecules

in system. The Verlet algorithm is usually used in Molecular simulation codes. In this algorithm,

the velocity term is eliminated by comparing two Taylor expansions about position at time t. The

Verlet algorithm starts by approximating ∂2ri

∂t2 ,

∂2ri
∂t2

=
r(t+ ∆t)− 2r(t) + r(t−∆t)

∆t2
(2.2)

Thus,

r(t+ ∆t)− 2r(t) + r(t−∆t)

∆t2
= − 1

m

dV (r(t))

dr
(2.3)

r(t+ ∆t) = 2r(t)− r(t−∆t)−∆t.
1

m
.
dV (r(t))

dr
(2.4)

Hence, r(t+ ∆t) can be found as long as r(t) and r(t−∆t) are known.

2.2 Molecular Interactions

The interactions between atoms are defined through potential (U) which is a function of position

of atoms. In full generality, three types of interactions are considered; i.e. bonded, Van der Waals,

and Coulombic. The bonded interaction is divided into four catagories of bonds, angles, dihedrals,

and impropers interactions.

Utotal = Ubonded + UvdW + UCoulomb

Ubonded = UBonds + UAngles + UDihedrals + UImpropers

(2.5)

The Van der Waals interactions (UvdW ) refer to one type of potential between non-bonded atoms.

In many simulations a simple interaction potential represents the essential fluid dynamics. The

most commonly used force-field (potential and force-field terms are used interchangeably in this
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dissertation) is 12-6 Lennard-Jones potential.

Ulj(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]
, (2.6)

Figure 2.1: Lennard-Jones potential interactions of different gases with carbon in graphite as a
function of dimensionless distance.

where rij , εij , and σij are separation distance, strength of interaction, and LJ well depth, respectively.

Unlike interactions were determined using the Lorentz-Berthelot combining rules,

σij =
σii + σjj

2
,

εij =
√
εiiεjj .

(2.7)

If electrostatic charges exist, the Coulombic interactions are considered.

UCoulomb(rij) =
QiQj

4πε0rij
(2.8)

where Qi and Qj are charges and ε0 is the permittivity of free space.

2.2.1 OPLS-All Atom Force Field

The optimized potentials for liquid simulations force field was developed by Jorgensen et al. [49].

The force field was parametrized for different molecules for the simulation of proteins and other
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organic liquids. The functional format of this force field is as follows,

Uij−nonbonds = 4εij

[(σij
r

)12
−
(σij
r

)6]
+

qiqj
4πε0r

(2.9)

Ubonds =
∑
bonds

Kr(r − r0)2 (2.10)

Uangles =
∑
angles

Kθ(θ − θ0)2 (2.11)

The value of parameters in above equations (εij , σij , qi, qj , Kr, r0, Kθ, θ0) for different molecules

are listed in Jorgensen et al. [49]. In this dissertation, OPLS-All atoms force field is used to simulate

the alkanes in organic nanochannels and nanocapillaries.

2.2.2 COMPASS Force Field

COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies)

force field parameterized against a wide range of experimental observables for organic compounds

containing H, C, N, O, S, P, halogen atoms and ions and etc [98]. The force field presents the

parameters needed to simulate the functional groups in organic compounds. The functional forms

of this force field are as follow,

UvdW = 6.75εij

[(σ
r

)9
−
(σ
r

)6]
(2.12)

Uq =
qiqj

4πε0r
(2.13)

Ubonds =
∑
bonds

[
k2(r − r0)2 + k3(r − r0)3 + k4(r − r0)4

]
(2.14)

Uangles =
∑
angles

[
k2(θ − θ0)2 + k3(θ − θ0)3 + k4(θ − θ0)4

]
(2.15)

In simulation of kerogen structure, the COMPASS force field is employed because COMPASS force

field is parametrized for different functional groups of a complex organic compounds.
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2.3 Periodic Boundary Condition

In molecular simulation, the number of atoms used in simulation is very small in compare to actual

systems. Desktop computers can handle simulations with 103 to 106 atoms which is only a small

portion of one mole of atoms (NA = 6.022 × 1023). The behavior of simulation is different by a

large number of surrounding atoms (in the order of 1023) which cannot be considered in simulations

explicitly [14]. The influence of surrounding atoms can be implicitly included in simulations by

handling of boundary conditions. The periodic boundary conditions help to simulate the infinite

systems using finite size simulation cells without increasing computational costs.

2.4 Statistical Ensembles

The ensemble is one of the main concepts in statistical mechanics. Consider that a given molecular

system is replicated many times while the macroscopic properties (temperature, density, number of

atoms and etc.) of each of these replicas are the same. The position and velocity of these replicas

(which are called microstate) does not need to be the same since we are interested in macroscopic

properties of the system. An ensemble is the probability distribution of microstates for a set of

conditions (macrostate). The actual value of bulk properties of a system should be determined by

averaging over the ensemble. In molecular dynamics, true thermodynamics properties of a system

is determined by averaging over successive configurations by implicitly assuming that the ensemble

average is the same as average over time of one replica of the system. This assumption is known as

Ergodic Hypothesis [54].
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Chapter 3

Adsorption and Transport of Gases

in Simplified Kerogen Model

In modeling of fluid transport in organic nanopores of shale, particular attention should be paid to

the gas-wall interactions, specifically the adsorption phenomena, and the fact that the size of pores

are comparable with the mean-free-path of the gas molecules. The objective for this work is to

investigate the significance of the adsorbed gas molecules in the total mass flux of organic nano-scale

channels.

Molecular Dynamics (MD) is proved to be a credible technique to examine dynamics of atomic-level

phenomena. In this study, transport of four different gases, methane and argon (high adsorption

affinity) and helium and neon (low adsorption affinity), is studied and their velocity and mass flux

profiles are analysed using dual control volume grand canonical molecular dynamics (DCV-GCMD)

simulations. DCV-GCMD simulations are performed for different pressures, pressure gradients, and

channel sizes. Computed normalized velocities are close to one for all the gases and channel heights,

which shows the the velocity profiles are plug-shaped. For all the gases, as the pressure increases,

the density and normalized velocity of the molecules at the wall increase. Furthermore, as pressure

increases, velocity profiles change from a plug-liked velocity profiles to parabolic profiles because

the viscosity of the fluids increase as the pressure increases. The contribution of the adsorbed gas

to the total mass flux across the channel for argon and methane could be more than 50%. This

contribution deceases as pressure in the channel increases. Investigation of the effect of the channel
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length on the velocity profiles shows that the channel length have a significant impact on transport

of gases through nanochannels. For channels with height-length ratio less than 10, the results can

be masked by the boundary effects.

Assuming an ideal vapor phase, the transport equation is then written in the form:

J = −Ddc

dz
, D = D0

d ln(p)

d ln(c)
(3.1)

where, D is the Fickian transport diffusivity, D0 is referred to as corrected diffusivity and d ln(p)
d ln(c) as

thermodynamic factor. If the system is thermodynamically ideal, d ln(p)d ln(c) → 1.0, then the Fickian and

corrected diffusivities become identical. However, in the more general case of a thermodynamically

nonideal system, the Fickian transport diffusivity is seen to be the product of the corrected diffusivity

and the thermodynamic correction factor. Beyond the Henry’s law region the simple Langmuir model

is often used to represent the behavior of adsorption systems in an approximate way. For a single

adsorbed component [51]:

θ =
c

cs
=

bp

1 + bp
,

d ln(p)

d ln(c)
=

1

1− c/cs
=

1

1− θ (3.2)

where θ is referred to as the fractional loading and b is the adsorption equilibrium constant.

Flow and diffusion of gas molecules in microporous systems have been extensively studied using

three different molecular dynamics simulation methods: Equilibrium Molecular Dynamics (EMD),

external field Non-Equilibrium Molecular Dynamics (NEMD), and boundary driven non-equilibrium

molecular dynamics (dual control volume grand canonical molecular dynamics or DCV-GCMD) [4].

In NEMD simulation method, an external force is applied to gas molecules. The advantages of NEMD

simulation method is that it is computationally efficient and easy to implement. The drawback of

the method is the conversion of the external force to equivalent chemical potential gradient. The

boundary driven non-equilibrium molecular dynamics method allows the gas transport between two

reservoirs with fixed chemical potentials. The chemical potential of the two reservoirs are kept

constant by insertion and deletion of gas molecules (usually performed through a grand canonical

Monte Carlo or GCMC procedure) and the transport through the medium of interest is performed by

molecular dynamics. Insertion and deletion of molecules is the significant fraction of total simulation

cost in this method.

NEMD simulations have been applied to investigate the slippage of a non-adsorbing gas (helium)
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[32]. The results indicated that the experimental measured permeabilities are two order of magnitude

larger than NEMD results. Flow of methane in a 5 nm tube has been performed using NEMD

simulations by [83]. They showed that the adsorbed phase transport is different from slippage

of non-adsorbing gases and concluded that the formulations that is used for non-adsorbing gases,

may not predict the transport of adsorbing gases. Collell et al. [25] performed molecular dynamics

simulations of hydrocarbons flowing through a molecular model of kerogen type II. They showed

that the flow inside kerogen is of diffusive nature. He et al. [37] performed NEMD simulations to

study the transport behavior of natural gas (methane) in the reconstructed nano-scale digital rock.

They selected a representative kerogen molecule based on thermal maturity and the origin. They

found that as the molar density increases, the transport diffusivity increases. Dual control volume

grand canonical molecular dynamics (DCV-GCMD) simulations have been used to investigate the

sensitivity of transport properties of methane, carbon dioxide, and nitrogen to pore size, porosity,

and pressure gradient in 3-D carbon-based systems representative of porous carbon-based materials

[33]. Jin and Firoozabadi [47] investigated flow of methane in carbon nanotubes using DCV-GCMD

simulations. The mobility of adsorbed phase in high and low pressures were demonstrated. Feng

and Akkutlu [30] performed NEMD and DCV-GCMD simulations to study steady-state flow of

methane and of methane-butane mixture in nano-scale carbon capillaries. They observed that fluid

flow velocity and mass flux are significant near the capillary surfaces where adsorption takes place.

Moreover, they showed that the transport behavior is additionally controlled by the inner surface

morphology (surface roughness).

3.1 DCV-GCMD Simulations in Organic Nanochannels

The objective of this work are to compare the transport of gases with high adsorbing capacities

(methane and argon) and low adsorption capacity gases (helium and neon) in similar simulation

setups of graphite nanochannels. To represent the flow of gases in organic pores, the geometries are

simplified to single smooth carbon channels to isolate the discussion of diffusion mechanisms from

the effects of geometry and pore size distribution. Monte Carlo simulation are performed within

Grand Canonical ensemble to predict the adsorption properties (excess and absolute). DCV-GCMD

simulations are then carried out in 2 and 5 nm graphite nanochannels at different pressures and

pressure gradients. Effect of system geometry (channel height and length), average pore pressure,

and pressure gradient on transport of gases in graphite channels are also investigated. Furthermore,
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contribution of the adsorbed phase transport on the total transport in the channels are investigated.

3.1.1 Computational Methodology

Problem Setup A single graphite nanochannel is created using Moltemplate molecular builder

software [46]. Each side of nanochannel is consisted of three graphite layers with a distance of 0.335

nm. The distance between two adjacent carbon atoms in the same graphite layer is 0.142.

The nanochannel is placed between two cubic bulk reservoirs at different pressures and at 300 K to

perform DCV-GCMD simulations, Fig. 3.1. Since a periodic boundary condition is considered in

flow direction, connecting the low and high reservoirs could cause high fluctuations in the pressures

in the reservoirs. Therefore, two graphite walls are placed at the end of each reservoir to avoid their

direct contact. The length of the left (H) (downstream) and right (L) reservoirs (upstream) are

chosen to be 2 nm and 10 nm for simulation with channel heights 2 nm and 5 nm, respectively.

Figure 3.1: Simulation setup for the 2 nm channel. The channel length is 40 nm. “H” and “L”
represent the high and low pressure reservoirs, respectively.

The TraPPE model [69] is used to simulate the gases (methane, argon, helium, and neon). The

charges of carbon and hydrogen atoms are not considered. Lennard-Jones (LJ) pairwise additive

potential field was employed to represent the gas molecules interaction as,

Ulj(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]
, (3.3)

where rij , εij , and σij are separation distance, strength of interaction, and LJ well depth, respectively.

Unlike interactions were determined using the Lorentz-Berthelot combining rules,

σij =
σii + σjj

2
, (3.4)

εij =
√
εiiεjj . (3.5)

The separation distance (σ) and strength (ε) parameters for all gases are shown in Table 3.1. A
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cut-off distance of 10 A is considered for all simulations.

Table 3.1: Lennard-Jones parameters

Interaction ε/kB(K) σ(A) Reference

CH4-CH4 148 3.73 [74]

C-C 34.45 3.407 [89]

Ne-Ne 36.83 2.789 [75]

Ar-Ar 119.8 3.405 [6]

He-He 10.9 2.64 [75]

Simulation Method In order to simulate flow of gases in the graphite channel, DCV-GCMD

method [38, 110] is employed. The MD simulation time integration of equation of motion are per-

formed using Verlet velocity algorithm with a time step of 3 fs (femtoseconds). The pressure inside

the control volumes is kept constant using adequate number of GCMC insertion and deletion. The

inserted molecules are assigned based on specified reservoir temperature (300 K). The driving force

for gas molecules movement were the pressure or chemical potential difference between the two

control volumes (L and H). The wall and fluid temperatures were kept constant at 300 K in NVT

(constant number of molecules, constant volume and constant temperature) ensemble. All the simu-

lations are performed using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

(Plimpton, 1995). Visual Molecular Dynamics (VMD) (Humphrey et al., 1996) is used for visual-

ization. All the simulations are performed using Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS) [81] and Visual Molecular Dynamics (VMD) [43] is used for visualization.

3.1.2 Results and Discussion

Adsorption Isotherms

GCMC simulations are performed to determine the adsorption isotherms of neon, helium, argon,

and methane in 2 and 5 nm channels for a pressure range of 10 to 330 atmosphere and a constant

temperature of 300 K. In order to study adsorption behavior of gases under confinements, two

quantities are usually defined as follows. Absolute adsorption is the quantity of the gas in the

adsorbed state. Excess adsorption is the additional gas adsorbed amount per unit volume compared
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with the amount in the same volume in the absence of pore walls. Calculations of adsorption loadings

are performed based on the multilayer adsorption of gases to the pore surfaces (Figs. 3.2 and 3.3).

Absolute adsorption quantities increase as the pressure increases for both channel heights. The

absolute adsorption isotherms of argon and methane are similar in both channel; for argon and

methane in the 5 nm channel, the isotherms are overlapping and reach to 15 mmol/cm3 at 330 atm.

However, for both argon and methane, the absolute adsorption is slightly higher in the 2 nm channel

compared to the 5 nm channel. The absolute loadings of neon and helium are smaller and reach

to approximately 10.5 mmol/cm3 for both channel sizes. Absolute adsorption of neon is slightly

higher than that of helium in 5 nm channel. The results show that helium and neon have the lower

adsorption capacities compared to methane and argon.
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Figure 3.2: Absolute adsorption isotherms of argon, methane, helium, and neon for 2 and 5 nm
channel heights.

As pressure increases, excess loadings increase to reach a maximum value at an optimum pressure and

then decrease (Figs. 3.3). For both channel sizes, methane has a smaller value of optimum pressure

than argon. The maximum excess adsorption of argon and methane are 5.1 and 5.6 mmol/cm3

in the 2 nm channel, respectively. These values decrease to 2 and 2.1 mmol/cm3 for argon and

methane in the 5 nm channel, respectively. The excess adsorption for neon and helium slightly

increase followed by a decline. Neon adsorption loadings decrease from 0.025 to -0.904 mmol/cm3

in the 2 nm channel and from 0.042 to -0.598 mmol/cm3 in the 5 nm channel. Helium adsorption

loadings decrease from 0.027 to -1.092 mmol/cm3 in the 2 nm channel and from 0.010 to -1.432

mmol/cm3 in the 5 nm channel. Similar to absolute adsorption results, excess values demonstrate

that the neon and helium gases are less-adsorbing compared with argon and methane.
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Figure 3.3: Excess adsorption isotherms of argon, methane, helium, and neon in 2 and 5 nm channel
heights.

3.1.3 Chemical Potential Driven Flow

In this section, the velocity and mass flux profiles of methane, argon, neon, and helium in 2 and 5

nm channels are presented. Simulations are performed at different gas pressures and pressure drops

across the channels. The channel height is divided into equally-sized bins, each with a height of 0.06

angstroms.

The computed velocity profiles are normalized with the average velocity values across the channel

height. The normalized velocities at the same average pressure are approximately the same for

different pressure drops for linear response regime [4]. Average velocities of argon molecules across

the 2 nm channel are plotted against the pressure gradient in Fig. 4. These results show that the

simulations are in linear response regime.
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Figure 3.4: Average velocities across the channel height vs. pressure gradient. Simulations are
performed in the linear response regime.
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A. 2 nm channel

MD simulations are performed at three different average pressures of 20, 50, and 90 atm. These

pressures are the average pressure of the low and high pressure reservoirs. The normalized velocity

profiles along with the corresponding density profiles are presented for argon and methane in Fig. 3.6

and for neon and helium in Fig. 3.7.

Density molecular weight ratios of the adsorbed argon molecules increase from 18.5 to 55 mmole/cm3

as pressure increases from 20 to 90 atm (Fig. 3.6a). These ratios increase from 33.87 to 68.56

mmole/cm3 for methane (Fig. 3.6b). As pressure increases, there is slight increase in the density of

the molecules in the second layer for methane and argon. The formation of the second layer is more

pronounced in 90 atm than in 50 atm.

Density molecular weight ratios of the adsorbed neon molecules increase from 2.97 to 12.39mmole/cm3

as pressure increases from 20 to 90 atm (Fig. 3.7b). These ratios increase from 3.89 to 10.77

mmole/cm3 for helium (Fig. 3.7a). At this pressure range, pressure does not reach the saturation

pressure (the pressure beyond which the adsorbed phase density does not significantly change with

pressure). Density molecular weight ratios of the adsorbed helium and neon layers at 90 atm are

2.08 and 3.34 times larger than its average value in the channel. these values reach 6.7 and 7.14 for

argon and methane, respectively.

The adsorption loadings (or density molecular weight ratios) are the reflection of strength of potential

between the gas molecules and the molecules of the organic channel (Fig. 5). The strength of

potential between the methane and graphite molecules is highest compared to other gases and

therefore, its adsorption loadings on the channel walls are higher as well. The strength of potential

of argon, neon, and helium have lower values, respectively, and their adsorption amount have the

same trend.

The normalized velocity profiles range from 0.75 to 1.2 for argon (Fig. 3.6a) and 0.75 to 1.3 for

methane (Fig. 3.6b), respectively. For both argon and methane, as the pressure increases, the

normalized velocity of the molecules at the wall increases. This may be due to the fact that viscosities

of fluids are a function of the Knudsen number (and thus, the pressure). Viscosity of the gas decreases

as Knudsen number increases (or as pressure decreases) [53, 72, 84]. Moreover, as pressure increases,

ratio of the normalized velocity of the gas molecules at the center of channel to the normalized

velocity of the first gas layers in the vicinity of channel wall (slip velocity) becomes smaller. This is
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Figure 3.5: Lennard-Jones interaction between different gases and organic channel.

contrary to the published results on the theory of slip in channels [53]. According to these theories,

the normalized velocity of the adsorbed gas molecules on the channel wall becomes larger as pressure

increases (i.e., lower Knudsen number).

10 15 20 25 30
z,Angstrom

10

20

30

40

50

60

70

D
en

si
ty

M
ol
ec
u
la
r
W
ei
gh

t
,m

m
ol
e/
cm

3

20 atm 50 atm 90 atm

0.7

0.8

0.9

1.0

1.1

1.2

1.3

N
or
m
al
iz
ed

ve
lo
ci
ty

(a) Argon

10 15 20 25 30
z,Angstrom

10

20

30

40

50

60

70

D
en

si
ty

M
ol
ec
u
la
r
W
ei
gh

t
,m

m
ol
e/
cm

3
20 atm 50 atm 90 atm

0.7

0.8

0.9

1.0

1.1

1.2

1.3

N
or
m
al
iz
ed

ve
lo
ci
ty

(b) Methane

Figure 3.6: Density and normalized velocity profiles of argon and methane in the 2 nm channel.

Normalized velocity profiles of neon and helium are approximately flat (the normalized velocities

are close to one). Normalized velocity values of the first layers of gas molecules at the channel wall

depend on the strength of the force fields exerted to the gas molecules by the solid molecules of the

wall. The higher the attractive forces, the harder it will be for the gas molecules to escape from the

the force field of the solid molecules at the wall and the lower the values of the normalized velocities

at the channel wall will be. For methane and argon (adsorbing gases), the normalized velocity of

the gas molecules in the first layer in vicinity of the channel walls are smaller than those for neon

and helium (less adsorbing gases). Methane and argon have higher strength of potential compared

to helium and neon, which causes the molecules in vicinity of the wall have slower velocities.
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Figure 3.7: Density and normalized velocity profiles of helium and neon in the 2 nm channel.

B. 5 nm channel

Density and normalized velocity values of the gas molecules in the 5 nm height channel are investi-

gated for argon and methane in Fig. 3.8 and for helium and neon in Fig. 3.9.

Density molecular weight ratios of the adsorbed argon molecules increase from 21.4 to 57.1mmole/cm3

as pressure increases from 20 to 90 atm (Fig. 3.8a), which are similar to those for 2 nm channel

(Fig. 3.6a). These values increases from 32.5 to 62.1 mmole/cm3 for methane as pressure increases

as pressure increases from 15 to 60 atm (Fig. 3.8b). The formation of the second adsorbed layer of

argon and methane molecules in the channel is also evident for 5 nm channel. Density molecular

weight ratios of the adsorbed argon and methane layers 10.7 and 12.9 times larger than the average

density of the channel for pressures 90 and 60 atm, respectively.

Density molecular weight ratios of the adsorbed helium molecules increase from 1.75 to 5.8mmole/cm3

as pressure increases from 50 to 180 atm (Fig. 3.9a). These ratios increase from 3.45 to 9 mmole/cm3

for neon as pressure increases from 20 to 60 atm (Fig. 3.9b). Density molecular weight ratios of the

adsorbed helium and neon layers are smaller than those for argon and methane.

Similar to the flow in 2 nm channel, the normalized velocity profiles for argon and methane are

plug-shaped. The normalized velocity profiles range from 0.7 to 1.15 for argon (Fig. 3.8a) and 0.6

to 1.3 for methane (Fig. 3.8b). As pressure increases, normalized velocity values of the adsorbed

argon and methane molecules (first layers of argon and methane molecules next to the channel

wall) increase. The difference between the normalized velocity values of first and second gas layers
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decrease as pressure increases. Furthermore, similar to the 2 nm channel, as pressure increases, the

range of the normalized velocity in the channel wall becomes smaller.

Normalized velocity profiles of neon and helium are approximately flat (the normalized velocities

are close to one) (Fig. 3.9), which is similar to those in the 2 nm channel. These velocity profiles

are different from the prediction made by current models [10, 55].

The results of this section confirms that the gas transport in organic microporous materials is

enhanced [95] compared with other media. Furthermore, to have a further understanding of the gas

transport in organic matters of shale, tortuosity and presence of other functional groups should be

considered. Moreover, effect of the viscosity change as a function of Knudsen number should be

included in the transport models at slip and transition flow regimes.
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Figure 3.8: Density and normalized velocity profiles of argon and methane in the 5 nm channel.
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Figure 3.9: Density and normalized velocity and profiles of helium and neon in the 5 nm channel.
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Mass Flux Profiles

To compare the mass flux profiles of different gases in the channels, computed mass flux values across

the channel are non-dimensionlized; Average velocity of each bin in the channel is multiplied by the

average density at the bin and divided by total mass flux through the channel. As expected, the

largest dimensionless mass flux values correspond to the bins at the first adsorbed molecule layers

for argon and methane (Fig. 3.10). This is due to the fact that the density of argon and methane

is higher than its density at bulk phase and the velocity profiles are relatively plug-shaped.
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Figure 3.10: Dimensionless mass flux profile of methane in the 2 and 5 nm channels. The profiles
are plotted for the channel half height.

Diffusion Coefficients

For all the gases in this study, transport or Fickian diffusion coefficients are calculated at different

pressures. Three simulation with different pressure gradients are run at each pressure and average

transport diffusivity values are calculated. For each channel size and gas type, average transport

diffusivity coefficients and standard deviations are listed in (Table 3.2).

Fickian constitutive relation describes the transport of single-component fluids as,

J = −Dt(c)∇c, (3.6)

where Dt is the transport diffusivity, ∇c is the spatial concentration gradient, and J is the molecular
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diffusive flux. This equation can be written in the terms of pressure gradient as [86],

J = −MDt

RT
∇p , (3.7)

where M is the molar mass, T is temperature, and R is the universal gas constant.

The computed transport diffusivities for the channels are relatively independent of the gas pressure in

the channel. Although for some of the gases in the channels, reductions or increase in the values can

be observed, but these changes are not significant. However, a larger dataset of diffusion coefficients

are needed to determine if the changes are statistically significant. The computed values for the 2

nm channel are smaller than those in the 5 nm channel for argon and methane. The same trend is

also observed for neon. Transport diffusivity coefficients of less-adsorbing gases (helium and neon)

do not change significantly as pressure changes in 5 nm channel.

3.1.4 Effect of Channel Length

In the simulations of the gas transport in straight channels, the channel should be sufficiently long to

exclude the boundary effects in the axial directions [26]. Distance between the high and low pressure

reservoirs have been reported to impact the gas flow [47]. In order to investigate the effect of the

channel length on the results, simulations are performed in 2 nm channel using methane in channels

with length 10, 20, and 40 nm corresponding to width to length ratio of 5, 10, and 20, respectively.

Velocity profiles of methane molecules are plotted at the same pressure gradient of 14.6 psi/nm in

Fig. 3.11. Based on the results, velocity values at the 10nm-long channel (the shortest channel) are

the lowest. The velocity values of the first gas layers at the vicinity of the walls and also those at

the center of the channel increase as the width to length ratio increase. The velocity profiles at the

ratios of 10 and 20 are close to one another. Therefore, the simulation studies performed with small

channel width to length ratios, may not be representative of the realistic transport in the organic

nano-scale channels.

24



Table 3.2: Transport diffusion coefficients for methane, argon, helium, and neon for all the channel
sizes.

Gas
Channel Height Pressure Diffusion Coefficient Standard Deviation

(nm) (atm) (10−7cm2/s) (10−7cm2/s)

Methane

2

20 4.11 1.58

50 3.35 0.43

90 2.55 0.72

5

15 6.23 0.75

36 6.30 0.29

60 7.07 0.08

Argon

2

20 6.32 0.27

50 5.78 1.18

90 5.76 1.37

5

20 11.2 1.89

50 11.9 0.54

90 13.3 0.08

Helium

2

20 4.00 0.91

50 2.01 0.73

90 1.63 0.75

5

50 2.55 0.43

90 2.47 0.49

180 2.38 0.33

Neon

2

20 4.39 0.08

50 3.58 0.15

90 4.66 2.13

5

20 10.9 1.21

40 10.9 0.75

60 11.5 1.05
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Figure 3.11: Sensitivity of the velocity of methane molecules to channel length for a 2nm channel.

3.1.5 Conclusions

Using the GCMC simulations, the absolute and excess isotherms of four gases with different ad-

sorption affinities–argon and methane with high adsorption affinities and neon and helium with low

adsorption affinities– are computed. As the pressure increases, the amount of adsorbed gas molecules

increases and tend to saturate at high pressures. The absolute adsorption of a particular gas is simi-

lar for both 2 and 5 nm channel heights; For argon and methane, the adsorbed gas amount is higher

compared to neon and helium. Excess adsorptions of argon and methane show an optimum pressure

below which the excess adsorption increases and above it, the excess adsorption decreases.

DCV-GCMD simulations of chemical-driven flow of the four gases in 2 and 5 nm channels are

performed. Computed normalized velocities are close to one for helium and neon and channel

heights, which shows the the velocity profiles are plug-shaped. All the simulations are run in the

linear response regime; average velocity in the channel is linear function of the pressure gradient.

For all the gases, as the pressure increases, the density and normalized velocity of the molecules

at the wall increase. Furthermore, as pressure increases, velocity of the molecules at the first and

second bins (the bins closer to the walls) and the ones at the middle of the channel decreases;

This is due to the fact that the viscosity of the fluids increase as the Knudsen number decreases

(pressure increases). For neon and helium, at pressures below the saturation pressure (a pressure
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beyond which the adsorbed phase density does not change much with pressure) a second layer of

molecules is formed. The contribution of the adsorbed gas to the total mass flux across the channel

for argon and methane could be more than 50%. Investigation of the effect of the channel length

on the velocity profiles shows that for channels with height-length ratio less than 10, the results can

be masked by the boundary effects. When this ratio increases, the results become less boundary

affected and are closer to each other.

3.2 NEMD Simulations of Pure Gases in Organic Nanochan-

nels

The objective for this work is to investigate the contribution of the adsorbed phase to the mass flux

and comparing transport of gases with different adsorption affinities in organic nano-scale channels.

In this work, force-driven Non-Equilibrium molecular dynamics (NEMD) simulations are used to

compare the transport of gases with high adsorption affinity (Methane and Argon) with the ones

with low adsorption affinity (Helium), for channel heights of 2, 4, 6, and 8 nanometers at two

Knudsen numbers of 0.1 and 0.2. Velocity and mass flux profiles across the channel for Argon,

Methane, and Helium are compared. Transport diffusion coefficients and molecular flux of these gas

are also calculated. Furthermore, adsorption properties are analysed using Grand Canonical Monte

Carlo simulations.

For all the gases studied, plug-shaped velocity profiles are observed irrespective of the channel size

and Knudsen number. Mass flux profiles of Argon and Methane across the channels demonstrate

a significant contribution of adsorbed molecules to the total mass flux. Furthermore, as Knudsen

number increases, the contribution of the adsorbed phase to the total mass flux becomes higher.

Molecular flux of Helium is smaller than that of Argon and Methane for all channel sizes. The

calculated diffusion coefficients of Methane are higher than those for Argon for all the channel sizes

and they decrease as the channel size increases. For Argon and Methane, the diffusion coefficients

become smaller as Knudsen number increases. For Helium, the diffusion coefficients are weak func-

tions of the channel size and Knudsen number. Based on the results, contribution of the adsorbed

molecules can be more than 50% of the total mass flux of the channel. For the pressure ranges

studies, transport diffusivity of Helium is less sensitive to pressure and Knudsen number compared

to Argon and Methane.
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This study shows that the transport through organic nano-scale conduits is essentially diffusive.

Therefore, to have a realistic model for predicting the recovery of fluids from unconventional re-

sources, the transport equations in organic nanopores should be replaced by the diffusive transport

equations.

Comparing the transport properties of different types of gases in nano-scale conduits using NEMD

is challenging because these systems have many degrees of freedom, e.g., channel size, molecule size,

gas density, and therefore, finding equivalent systems is difficult. Furthermore, for systems under

confinement, there is a positional dependence of density and also the state variables, pressure and

temperature [103]. Investigation of gas systems with respect to the Knudsen number might be a

viable option. The gas flow regimes are characterized by Knudsen number (Kn), which is the ratio

of mean free path of molecules to the characteristic length of the system,

Kn =
1√

2πnHd2
, (3.8)

where n is the number density, H is the channel height, and d is the molecular diameter. This

formulation of Knudsen number incorporates molecular size, number density, and channel size and

provides a means for comparing systems with different sizes and gas types.

3.2.1 Molecular Dynamics Methods

The Grand Canonical Monte Carlo (GCMC) simulations are performed at different pressures for two

graphite nanochannel heights of 2 and 4 nm to determine the gas adsorption isotherms of Methane,

Argon, and Helium. In GCMC simulations, the pressure inside the control volume is kept constant

by insertion and deletion of molecules. The probability of inserting a molecule is determined as,

p+ = min

{
ZVCV
NCV + 1

exp

(
− ∆U

kBT

)
, 1

}
, (3.9)

where Z = exp
(

µ
kBT

)
/Λ is the absolute activity at temperature T , Λ is the de Broglie wavelength,

µ is the chemical potential, and kB is the Boltzmann constant. Changes in potential energy resulting

from insertion and deletion of molecules are represented by ∆U , volume of control volume is VCV ,

and number of molecules in control volume is NCV . Inserted molecules are assigned a velocity using
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Maxwell-Boltzmann distribution. The probability of deleting a molecule is,

p− = min

{
NCV
ZVCV

exp

(
− ∆U

kBT

)
, 1

}
. (3.10)

The temperature of the inserted molecules is determined based on the specified reservoir temperature

(300 K).

Non-equilibrium molecular dynamics (NEMD) simulations of force-driven flow of Argon, Methane,

and Helium are performed in three-dimensional graphite channels (with hexagonal lattice) of heights

2, 4, 6, 8 nanometers (nm). The width of the channel is chosen to be 4.5 nm for all the simulations;

however, the channel lengths change with respect to the channel height such that the ratio of the

length to height of the channels to be 20 in order to have a fully developed flow. For example,

the channel lengths for simulations with 2 nm and 4 nm channel heights is selected to be 40 nm

and 80 nm, respectively. The three-layered channel walls are placed in x-y plane. The simulations

are performed for two Knudsen numbers of 0.1 and 0.2. The number of molecules for each specific

gas and geometry is different and is determined by Eq. 3.8. The OPLS all-atom force field is

used to simulate the flow of Methane molecules in nanochannel [49]. The charges of the Hydrogen

and Carbon atoms of Methane are set to 0.06 e and 0.24 e, respectively, and the Lennard-Jones

parameters are σH = 2.5◦A, εH = 0.03 Kcal/mol, σC = 3.5◦A, εC = 0.066 Kcal/mol. A cut-

off distance of 9 ◦A is considered. The wall temperature is set to 300 K and the location of its

carbon molecules is kept fixed using a spring force. An initial Gaussian velocity distribution with

a temperature of 300 K is considered for the gas molecules and the system’s energy is minimized

to reach the equilibrium in NVT ensemble (constant number of molecules, constant volume, and

constant temperature). A time step of 5 fs (10−15 seconds) and 2.5 fs is considered to perform the

time integration of equation of motion with Verlet algorithm for Argon (and Helium) and Methane,

respectively. In order to induce a constant pressure gradient across channel, driving forces of 0.07

to 0.35 pN (10−12 Newtons) is considered and applied only to the molecules located in the first 3.5

A of the nanochannel (inlet region in Fig. 3.12). The exerted lateral force, F , to the molecules is

proportional to pressure drop as described by [15, 114],

∆P ∝ NF

A
, (3.11)

where A is the area perpendicular to the applied force. Determing the actual pressure gradient in

NEMD simulations is not straightforward. Therefore, to compare the molecular fluxes and velocities
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in different pressure gradients, the term NF/AL which is proportional to pressure gradient is used.

The number of molecules at the inlet region, N , is calculated at each time step and averaged over

the total simulation time.

Figure 3.12: Molecular dynamics simulation geometry. The figure is not in scale.

The fluid temperature is fixed at 300 K using Berendsen thermostat. The damping coefficient of

Berendsen thermostat is set to 2 ps−1. The simulations are performed for 3 millions time steps which

equals to a total simulation time of 15 nanoseconds (ns). All the simulations are performed using

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [81] and Visual Molecular

Dynamics (VMD) [43] is used for the visualizations.

3.2.2 Results and Discussion

Equilibrium

Adsorption isotherms Due to the existence of the attraction forces between the fluid and wall

molecules, there is a positional dependence of the fluid density that causes a heterogeneous fluid

distribution within the channel. In order to differentiate between the bulk and adsorbed molecules,

two quantities are generally defined: Absolute and excess adsorption . Absolute adsorption is the

quantity of the gas in the porous structure and excess adsorption is the subtraction of total gas

quantity in pore spaces and the gas quantity in the same volume without presence of walls (bulk

state).

Absolute and excess adsorption isotherms for the gases in 2 and 4 nm channels at 300 K are shown in

Fig. 3.13. The absolute adsorption of all three gases increases as the pressure increases and tend to

saturate at high pressures. Methane and Argon show similar absolute loadings, while Helium have
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lower absolute adsorbed amount. The absolute loadings at the different channel sizes are similar for

the pressures simulated.

(a) Absolute adsorption (b) Absolute adsorption

Figure 3.13: Adsorption isotherms of Argon, Methane, and Helium at 2 and 4 nm height channel at
300 K. (a) Absolute adsorption (b) Excess adsorption

As pressure increases, the excess loadings increase to reach a maximum value at an optimum pressure

and then decreases. This optimum pressure is smaller for Methane than Argon. The maximum excess

adsorption for Argon and Methane are 12.2 and 13.3 mmol/cm3, respectively (Fig.3.13). Helium

excess adsorption is almost zero and becomes negative for higher pressures (P>210 atm). This

means that the density of Helium at the wall is equal or less than its density in the bulk phase,

which is similar to the results presented by Keller and Staudt [61].

Force-Driven Flow

Force-driven MD simulations are performed for two Knudsen numbers of 0.1 and 0.2 for Argon,

Methane, and Helium for four different graphite channel sizes of 2, 4, 6, and 8 nm. Different forces

are applied to the molecules at inlet region of the channel (Table. 3.3). In the following subsections,

the velocity profiles, molecular fluxes, and diffusion coefficients of Argon, Methane, and Helium are

investigated.

Pressure calculation Determining the exact pressure values in nano-scale channels is challenging

in NEMD simulations. However, in GCMC simulations, the pressure can be kept at specific values by

the insertion and deletion of the fluid molecules. In order to find the pressure values in the NEMD

simulations, a relationship is established between the average gas pressure and the average gas
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Table 3.3: Applied forces to the inlet region of the channels for different gases at Knudsen numbers
of 0.1 and 0.2.

Force (pN)
Kn=0.1 Kn=0.2

Argon
Methane

0.139 0.208
0.208 0.278
0.278 0.347

Helium
0.07 0.139
0.139 0.208
0.208 0.278

Table 3.4: Pressures for each simulation setup.

Size
(nm)

Pressure (atm)
Kn=0.1 Kn=0.2

Argon Methane Helium Argon Methane Helium
2 430 240 1000 195 120 380
4 190 135 380 97 72 175
6 127 93 240 58 44 113
8 99 72 175 50 40 85

density for each gas at each channel size based on the GCMC simulation results. As an example, the

relationship between the average pressure and density of Argon for a 2-nm channel is demonstrated

in Fig. 3.14. Pressure values at different channel heights for Argon, Methane, and Helium are listed

in Table. 3.4.

Figure 3.14: Relationship between the average density and pressure of Argon for the 2-nm channel.

Velocity and Density Profiles The simulation results of velocity and density profiles of Methane,

Argon, and Helium are presented in Figs. 3.15, 3.16, and 3.17, respectively. For each channel height

and gas type, the results are plotted for two Knudsen numbers of 0.1 and 0.2. The velocity profiles
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are shown with solid blue lines for Kn = 0.2 and solid red lines for Kn = 0.1. The density profiles

are shown with blue and red dashed lines for Knudsen numbers 0.2 and 0.1, respectively.

The bulk and adsorbed densities of each gas decreases as the channel height increases for each

Knudsen number. This is due to the fact that as channel height increases, the number density

decreases to maintain the same Knudsen number for all channel sizes (Eq. 3.8). The densities of

Argon and Methane at the wall (and similarly average density across the channel height) do not

decrease linearly with increasing the channel height. For instance at Kn = 0.1, the average density

of Methane across the channel height decreases from 185 kg/m3 in 2-nm channel to 53 kg/m3 in

8-nm channel. Similarly, average density of Argon decreases by 3.9 times (from 642 to 164 kg/m3)

from the 2-nm to 8-nm channel.

To compare the velocities of a gas at different Knudsen numbers, same pressure drop is applied. In

NEMD simulations, pressure gradients are proportional to number of molecules and the force applied

over the channel length (Eq. 3.13). For any channel size, the number of molecules for a simulation

with Kn = 0.1 is twice those in simulations with Kn = 0.2 for each gas. Therefore, the forces

applied to the molecules in the simulations with Kn = 0.2 should be twice of the simulation with

Kn = 0.1 to have the same pressure gradients applied. In the velocity profiles plotted in Figs. 3.15

and 3.16, the applied forces are 0.139 and 0.278 pN for Kn = 0.1 and Kn = 0.2, respectively. The

applied forces on Helium molecules (Fig. 3.17) are 0.07 and 0.139 pN for Kn = 0.1 and Kn = 0.2,

respectively.
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Figure 3.15: Velocity and density profiles of Methane in the graphite channels.

Figure 3.16: Velocity and density profiles of Argon in the graphite channels.
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Figure 3.17: Velocity and density profiles of Helium in the graphite channels.

For all gases and channel sizes, whether the adsorption affinity is high (Argon and Methane) or low

(Helium), plug-shaped velocity profiles are established. In other words, the adsorbed Argon and

Methane molecules flow with similar velocities as the gas molecules in middle of channel despite

their higher density at the wall. Therefore, the adsorbed phase contribute significantly to the flow.

Additionally, for a particular channel height, the higher the Knudsen number, the higher the average

gas velocity at the same pressure drop. This result is consistent with predictions of mathematical

models of flow in nano-scale channels, e.g., R13 moment method [55].

Molecular Fluxes The molecular fluxes of Methane, Argon, and Helium are plotted in Figs. 3.18a,

3.18b, and 3.18c against the pressure gradients for all the channel sizes. For comparison purposes,

the pressure drop parameter, NF
AL , which is linearly proportional to the pressure gradient, is used.

The molecular fluxes are calculated by multiplying the average channel densities by the their average

velocities.

For all the gases, the molecular flux increases with increasing the pressure gradient for all the

channel sizes. Furthermore, for a specific pressure gradient, the molecular flux of the gases decreases

as channel the sizes increase. For all the pressure gradients studied, the highest molecular flux is
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obtained for the 2-nm channel. For channel sizes less than 8 nm, molecular flux values and the

trend of their increase with increasing the pressure gradient is approximately the same for Argon

and Methane. For the 8-nm channel, although differences are small, molecular fluxes for Methane

are higher than those for Argon.

Molecular fluxes for Helium are smaller than those for Argon and Methane for all channel sizes.

The molecular fluxes of Argon and Methane are similar to each other but different from Helium.

Molecular fluxes increase from 5050 to 38577 kg/m2s for Argon and from 4498 to 37244 kg/m2s for

Methane as pressure gradient parameter increases from 0.26 to 2.56 psi/nm for Fig. 3.18a. For the

same channel heights, the Helium molecular flux increases from 2725 to 9000 kg/m2s as the pressure

gradient parameter increases from 0.35 to 2.78 psi/nm.

According to the results presented in Figs. 3.18, the molecular flux is approximately a linear function

of the pressure gradient for each gas in the channels. Furthermore, for Argon and Methane which

have similar adsorption behaviors, the rate of change of molecular flux with respect to the pressure

gradient is approximately the same. This shows that the mass transfer through organic nano-

scale conduits is essentially diffusive. This has significant implications in reservoir modeling of

unconventional resources because the governing equation used in fluid flow through porous media,

Darcy’s equation, is derived based on the advective flow assumptions. To have a realistic model for

predicting the recovery of fluids from unconventional resources, the transport equations in organic

nanopores should be replaced by the diffusive transport equations.
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(a) 2 and 4 nm (b) 6 nm

(c) 8 nm

Figure 3.18: Molecular flux vs. pressure gradient for (a) 2 and 4 nm, (b) 6nm, and (c) 8 nm.

Mass Flux Profiles In order to compare the mass flux profiles of the gases, the channel is divided

to equally-sized bins. At each bin, the average velocity is multiplied by the average density and

divided by the product of average velocity and density across the channel height to determine the

dimensionless mass flux. The calculated dimensionless mass flux profiles of Argon, Methane, and

Helium are plotted for the Knudsen numbers of 0.1 and 0.2 in Fig. 3.19. Mass flux at the first and

last bin, i.e., bins next to the channel walls, have higher dimensionless mass flux values for Argon

and Methane compared the ones for the bins away from the walls. This is due to the fact that the

density of these two gases are higher near the wall than those of the bulk phase. Mass flux profile

of Helium are plug-shaped as the density and velocity values remain approximately constant across

the channel height

According to these results, as Knudsen number increases, the contribution of the adsorbed phase to
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the total mass flux becomes higher. These contributions are 42% for both Argon and Methane at

Kn=0.1, which increases to approximately 53% at Kn=0.2.

(a) Kn=0.1 (b) Kn=0.2

Figure 3.19: Dimensionless mass flux profiles of Argon, Methane, and Helium at (a) Kn=0.1 (b)
Kn=0.2.

Diffusion For NEMD simulations, the transport coefficients can be calculated from the measured

molecular flux as [11],

Dt =
kBTj

ρ̂F
(3.12)

where kB is the Boltzmann constant, T is the temperature, j is the molecular flux, ρ̂ is the average

gas density in the channel, and F is the applied external force.

The transport diffusivity coefficients are plotted for Knudsen numbers of 0.1 and 0.2 for Argon,

Methane, and Helium in Fig. 3.20. As mentioned earlier, three different external forces are applied

for each channel height at each Knudsen number. The error bars are plotted in Fig. 3.20 show the

variance of diffusion coefficients at different external forces. The transport diffusivity coefficients

listed in Table. 3.5 are the average diffusivity coefficients calculated for the external forces.

For each gas, the highest transport coefficient corresponds to the smallest channel, i.e., 2 nm. For

Methane and Argon, transport coefficients decrease as the channel size increases. The diffusion

coefficients of Methane are higher than those for Argon for all the channel sizes. For Argon and

Methane, the diffusion coefficients are higher at Kn = 0.1 compared with Kn = 0.2 for the same

channel size. For Methane, the diffusion coefficients decrease 76 and 70% as the channel sizes increase

from 2 to 8 nm for Knudsen numbers of 0.1 and 0.2, respectively. For Argon, this decrease is 69

and 72% for Knudsen numbers of 0.1 and 0.2, respectively. For Helium, the diffusion coefficients
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are weak functions of the channel size and Knudsen number. The change in diffusion coefficients

for Helium is less that 15%. The average diffusivity coefficients for Helium at Kn = 0.2 are slightly

higher than Kn = 0.1 for the same channel size.

Table 3.5: Transport diffusion coefficients for Methane, Argon, and Helium at Kn=0.1 and Kn0.2
for all the channel sizes.

Gas Knudsen number
Channel Height Diffusion Coefficient

(nm) (10−6m2/s)

Methane

0.1

2 3.06
4 1.95
6 1.12
8 0.732

0.2

2 2.43
4 1.62
6 0.969
8 0.720

Argon

0.1

2 1.18
4 0.834
6 0.474
8 0.366

0.2

2 1.11
4 0.622
6 0.387
8 0.315

Helium

0.1

2 2.66
4 2.75
6 2.45
8 2.35

0.2

2 2.85
4 2.79
6 2.64
8 2.46

(a) Kn=0.1 (b) Kn=0.2

Figure 3.20: Transport diffusion coefficients at (a) Kn=0.1 and (b) Kn=0.2 .
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3.2.3 Conclusions

Adsorption and force-driven transport of Helium, Argon, and Methane in four graphite channels

of 2, 4, 6 , and 8 nm hight is studied by performing GCMC and NEMD simulations. Methane

and Argon show similar adsorption behavior (absolute and excess adsorptions) while the density of

Helium across the channel height is approximately constant.

For all gases, whether the adsorption affinity is high (Argon and Methane) or low (Helium), plug-

shaped velocity profiles are established for all the channel heights. Therefore, due to the higher

adsorbed density values of the Argon and Methane, the adsorbed phase contribute significantly to

the overall mass flux across the channel. Mass flux profiles of Argon and Methane across the channels

demonstrate a significant contribution of adsorbed molecules to total mass flux. According to these

results, as Knudsen number increases, the contribution of the adsorbed phase transport to the total

mass flux of the channels becomes higher. This contribution is 42% for Argon and Methane at

Knudsen number of 0.1, which increases to approximately 53% at Knudsen number of 0.2.

For the gases studied, the highest molecular flux is obtained for the 2-nm channel. Molecular flux

of Helium is smaller than that of Argon and Methane for all the channel sizes. For channel sizes

less than 8 nm, molecular flux values and the trend of their increase with increasing the pressure

gradient is approximately the same for Argon and Methane. For the 8-nm channel, molecular flux

for Methane is slightly higher than that for Argon.

For each gas, the highest transport coefficient corresponds to the smallest channel, i.e., 2 nm. The

diffusion coefficients of Methane are higher than those for Argon for all the channel sizes and they

decrease as the channel size increases. For Argon and Methane, the diffusion coefficients decrease

as the Knudsen number increases. For Helium, the diffusion coefficients are weak functions of the

channel size and Knudsen number.

This study shows that the transport through organic nano-scale conduits is essentially diffusive. This

has significant implications in reservoir modeling of unconventional resources because the governing

equation used in fluid flow through porous media, Darcy’s equation, is derived based on the advective

flow assumptions. Therefore, to have a realistic model for predicting the recovery of fluids from

unconventional resources, the transport equations in organic nanopores should be replaced by the

diffusive transport equations.
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3.3 NEMD Simulations of Multicomponent Gases in Rough

Organic Nanochannels

Most of the current studies on the transport of fluids in shale are focused on the transport of single-

component fluids, mainly methane. However, there are a wide range of fluids present in natural

gas systems in shale, e.g., methane, ethane, propane, butane, nitrogen, and carbon dioxide. Due

to the differences in the sorption properties of different components in these systems, they do not

uniformly distributed across the pore. Heavier components tend to accumulate in the vicinity of the

pore walls and may trap within the pore and remain in the reservoir, while the lighter components

can be produced. The objective for this study is to further enhance the fundamental understanding

of transport of natural gas systems in shale by investigating the adsorption and transport of two

different gas samples with two different compositions.

There have been some studies on the adsorption and transport of multi-component hydrocarbon

mixtures in shale organic matter using MD. Ma and Jamili [68] used Simplified Local-Density theory

coupled with Modified Peng-Robinson Equation of State to predict the density profiles of pure and

mixture hydrocarbons in confined pores. They found that the compositions of the fluid mixtures are

not uniformly distributed across the pore. Heavier component (n-butane) tended to accumulate near

the wall while lighter component (methane) would tend to stay in the center region of the pore. [25]

used EMD and boundary driven non-equilibrium molecular dynamics (BD-NEMD) simulations to

study the transport of fluid mixtures for different chemical compositions through a molecular model

of kerogen type II. They computed Onsagers coefficients for pure and multi-component mixture of

fluids. The results suggested that the flow inside kerogen is of diffusive nature and that the transport

properties can be calculated using EMD.

In this work, non-equilibrium molecular dynamics (NEMD) is used to simulate the adsorption be-

havior and chemical potential-driven flow of multi-component fluids in nano-scale carbon channels.

The density profiles of the each component within the channel is calculated across the channel

width and the selectivity of heaviest molecule (hexane) over other gas components are determined.

Furthermore, velocity, mass flux, and diffusion coefficients of each component in the channels are

calculated.
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3.3.1 Computational Methodology

Non-equilibrium molecular dynamics (NEMD) simulations of force-driven flow of two gas mixtures

(Table 3.6) are performed in three-dimensional graphite channels with heights of 2 and 4 nanometers

(nm). The width of the channel is 4.5 nm for all the simulations, while the channel lengths change

such that the ratio of the length to height of the channel remain 20 to achieve a fully developed flow.

For instance, the channel lengths for simulations with 2 nm and 4 nm heights are 40 nm and 80 nm,

respectively. Moltemplate molecular builder software [46] is used to create the graphite channels.

The channels consist of three graphite layers that are placed in x-y plane. The distance between

graphite layers is 0.335 nm. The distance between two adjacent carbon atoms in the same graphite

layer is 0.142.

In order to simulate surface roughness, atoms are deleted from the most inner layers (layers in contact

with the gas molecules (Fig. 3.21). Total number of molecules for both gas samples is the same

(N = 2028) but the molar percentage of two samples are different. Sample 2 has a higher density

because the molar percentage of the heavier molecules (MW > 16 gr/mol) is higher. Compositions

of both samples are listed in Table. 3.6.

Figure 3.21: Representation of the rough surfaces used in the simulations.

The OPLS all-atom force field is used to simulate the flow of gas molecules in the channels [49]. The

charges of hydrogen and carbon atoms of methane are set to 0.06 e and -0.24 e, respectively. For

CH3 groups, the charges are -0.18 e and 0.06 e for carbon and hydrogen, respectively. For CH2

groups, these charges are -0.12 e for carbon and 0.06 e for hydrogen. Lennard-Jones parameters of

carbon and hydrogen in all organic molecules are σH = 2.5◦A, εH = 0.03 Kcal/mol, σC = 3.5◦A,

and εC = 0.066Kcal/mol. A cut-off distance of 9 ◦A is considered. The wall temperature is set

to 300 K and the location of its carbon molecules is kept fixed using a spring force. An initial

Gaussian velocity distribution with a temperature of 300 K is considered for the gas molecules and

the system’s energy is minimized to reach the equilibrium in NVT ensemble (constant number of

molecules, constant volume, and constant temperature). A time step of 1.5 fs (10−15 seconds) is

considered to perform the time integration of equation of motion with Verlet algorithm.
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Table 3.6: Composition of the gas samples used for simulations.

Gas Composition (%)

Gas Sample 1 Sample 2

CH4 92 83

C2H6 5 10

C3H8 1.2 3.7

C4H10 0.2 0.4

C5H12 0.2 0.4

C6H14 0.2 0.4

CO2 0.4 0.6

N2 0.6 0.9

O2 0.2 0.6

In order to induce a constant pressure gradient across channel, driving forces of 0.67 to 6.67 pN

(10−12 Newtons) are applied only to the molecules located in the first 3.5 A of the channel. The

exerted lateral force, F , to the molecules is proportional to the pressure drop as described by Carr

et al. [15], Zhu et al. [114],

∆P ∝ NF

A
, (3.13)

where A is the area perpendicular to the applied force. Determining the actual pressure gradient in

NEMD simulations is not straightforward. Therefore, to compare the molecular fluxes and velocities

in different pressure gradients, the term NF/AL, which is proportional to pressure gradient, is used.

The number of molecules at the inlet region, N , is calculated at each time step and averaged over

the total simulation time.

The fluid temperature is fixed at 300 K using Nose-Hoover thermostat with a damping coefficient of

2 ps−1. The simulations are performed for 5 millions time steps which equals to a total simulation

time of 7.5 nanoseconds (ns). All the simulations are performed using Large-scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) [81] and Visual Molecular Dynamics (VMD) [43] is used

for the visualizations.
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3.3.2 Results and Discussion

Density Profiles

For both channel sizes, the gas densities near the wall are higher compared to the ones in the middle

of channel (Fig. 3.22). Two density peaks can be observed for both channel sizes in both samples.

The first peaks (approximately at z = 7 and 33 ◦A for 2 nm channel) represent the gas molecules

adsorbed to the two-layered graphite sections of the channel (sections of the channel where the

carbon atoms are taken out) (Fig. 3.21). The second peaks (approximately at z = 12.5 and 28.5 ◦A

for 2 nm channel) represent the density of gas molecules adsorbed to the three-layered sections of

the surface, where no carbon atoms are removed from the surface. A third peak is started to form

approximately at z = 16 ◦A.

Density of sample 1 is lower near the walls, which is due to the fact that it contains lighter molecules

compared with that of sample 2 (Table 3.6). For 2 nm channel, the average gas densities are 134

and 147 kg/m3 for samples 1 and 2, respectively. In 4 nm channel, the average gas densities are 75

kg/m3 for sample 1 and 83 kg/m3 for sample 2.

Based on the simulations results, for butane, pantane, and hexane, five out of eight molecules (for

sample 2) are adsorbed to the walls. Also, half of propane molecules (N = 74) are adsorbed to the

graphite walls. The density profiles of each gas component in the samples are plotted in Fig. 3.23.

Furthermore, the density of heavier components (hexane, pantane, butane, and propane) in middle

of channel is very low for both channel sizes and compositions. In order to compare the tendency of

different components to be adsorbed to the wall, selectivity of hexane over other gas components is

determined,

SC6H24/CnH2n+2
=
xC6H24

/xCnH2n+2

yC6H24
/yCnH2n+2

, with 0 < n < 6 (3.14)
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(a) 2 nm (b) 4 nm

Figure 3.22: Density profiles of the two samples in (a) 2 nm and (b) 4 nm channels.

(a) 2 nm (b) 4 nm

(c) 2 nm (d) 4 nm

Figure 3.23: Density profiles of each gas component in the two samples in 2 nm and 4 nm channels.

where S is selectivity, xC6H24
is the mole fraction of hexane in adsorbed phase, and yC6H24

represents
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the mole fraction of hexane in the bulk gas phase. Selectivity values higher than one show that the

hexane molecules have more tendency to be adsorbed to walls compared to other gas components.

Selectivity values of hexane over other gas components for both samples and channel sizes (plotted

in Fig. 3.24 and listed in Table 4.14) decrease as the number of carbon atoms in the alkane chain

increases. This means that heavier alkanes have higher tendency to be adsorbed to the wall compared

to lighter alkanes. Based on these results, selectivity values are a function of molar composition.

The differences in selectivity values between the samples decrease as channel size increases from 2

to 4 nm.

(a) 2 nm (b) 4 nm

Figure 3.24: Selectivity of hexane over other gas components in (a) 2 nm and (b) 4 nm channels.

Table 3.7: Selectivities of hexane over other gas components for two samples used for simulations.

Selectivity

Gas
Sample 1 Sample 2

2 nm 4 nm 2 nm 4 nm

SC6H24/CH4
2.56 3.24 4.1 3.06

SC6H24/C2H6
2.05 1.93 2.53 1.99

SC6H24/C3H8
1.61 1.34 1.47 1.38

SC6H24/C4H10
1.39 1.29 1.27 1.29

SC6H24/C5H12
1.23 1.15 1.02 1.19
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Force Driven Flow

Velocity Profiles Velocity profiles of sample 1 in 2 and 4 nm channels are plotted in Fig. 3.25.

The black solid lines represent the location of the two-layered graphite sections and the black dashed

lines represent locations of the peak densities in Fig. 3.22. As expected, the velocity increases as

the applied force increases. A parabolic velocity profile is observed for all simulations. This is in

contradiction with previous results on smooth surfaces in which a plug shaped flow profile were

observed [58, 59]. This might be due to the presence of heavier molecules and/or rough surface.

Heavier molecules have higher tendency to be adsorbed walls and therefore, lower velocities are

observed near the walls. Therefore, although the adsorbed phase transport are observed in recent

studies, a rough surface may prevent or decrease the flow of these molecules. Additionally, for both

channels, a sharp reduction of velocity is observed near the walls in between the dashed and solid

lines. Similarly, in the 4 nm channel, parabolic profiles velocity are observed. The gas flows with

low velocities near the wall in case of 4 nm channel, which shows that the adsorbed phase does not

significantly contribute to the flow due to presence of rough surfaces.

Because the same number of molecules are used for both 2 nm and 4 nm channels, the pressure in

the 4 nm channel is less than that in the 2 nm channel. Therefore, at the same external force, the

velocities in 4 nm channel are higher than those of 2 nm channel due to higher Knudsen numbers

in 4 nm channels.
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(a) 2 nm (b) 4 nm

(c) 2 nm (d) 4 nm

Figure 3.25: Velocity profiles of the gas samples in 2 and 4-nm channels. (a, b) Sample 1 and (c, d)
Sample 2.

Molecular Flux The molecular flux of the gas samples for both channel heights are plotted in

Fig. 3.26. The molecular flux is calculated by multiplying the average gas density and velocity in

channel. As discussed earlier, the pressure gradient across the channel is related to the external

force applied, number of molecules to which the force is applied (inlet region), the length of the

channel, and the area perpendicular to the flow (Equation 3.13). Number of the molecules at the

inlet region is directly related to the gas density. Therefore, the molecular fluxes are plotted against

a pressure gradient parameter defined as,

∇P =
ρavgF

AL
. (3.15)
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Figure 3.26: The molecular fluxes across the 2 and 4 nm channels for both samples.

For both gas samples, the molecular flux increases as the pressure gradient increases for both channel

sizes. At the same pressure gradient, the molecular flux obtained from 4 nm channel is higher than

that of 2 nm channel. It should be mentioned that the pressure of 2 nm channel is higher than 4 nm

channel with the same composition. The rate of increase of the molecular flux with pressure gradient

parameter is relatively linear and higher for 4 nm channel than 2 nm channel. The molecular flux of

sample 1, which is lighter than sample 2, is slightly higher than sample 2 in nm channel. Therefore,

the heavier components of sample 2 reduce its molecular flux in a 2 nm channel, while their effect

in 4 nm channel is not significant.

Diffusion coefficients of each components for the gas samples are calculated using computed fluxes

as [11],

Dt =
kBTj

ρavgF
, (3.16)

where kB is the Boltzmann constant, T is the temperature, j is the molecular flux, ρavg is the

average gas density in channel, and F is the applied external force.

For both channel sizes, the diffusion coefficients decrease as the number of carbon atoms in the

alkane chain increases (Fig. 3.27). In other words, components with larger molecular weights have

lower diffusion coefficients. This might be due to the fact that the adsorption affinity of these

molecules increase as their molar weight increases. Because these heavier molecules have lower

diffusion coefficients than lighter components and they are adsorbed on the channel walls, low gas

velocities are observed near the wall. With presence of surface roughness and heavy molecules, the

lighter adsorbed gas molecules (such as methane and ethane) cannot flow with the same velocity as
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molecules in the middle of channel (Fig. 3.25) and therefore, the adsorbed phase does not contribute

significantly to flow as were found in previous studies [47, 59].

Higher diffusion coefficients are obtained for the 4 nm channel compared to the 2 nm channel for

each sample. Also, in the 2 nm channel, the diffusion coefficients of each component in Sample 1

is higher than those in sample 2. For the 4 nm channel, similar diffusion coefficients are found for

both samples for components lighter than butane. Diffusion coefficients of the components heavier

than butane in sample 2 are higher than in sample 1.

(a) 2 nm, sample 1 (b) 2 nm, sample 2

(c) 4 nm, sample 1 (d) 4 nm, sample 2

Figure 3.27: Diffusion coefficients of each gas component in the gas samples for 2- and 4-nm channels.

3.3.3 Conclusions

Multicomponent gas transport and adsorption in carbon-based organic channels with rough surfaces

are investigated by performing non-equilibrium molecular dynamics simulations for two gas samples.

50



Table 3.8: Diffusion coefficients of different gas components in the gas samples.

Gas
Diffusion Coefficient (10−8 m2/s)

Sample 1 Sample 2
2 nm 4 nm 2 nm 4 nm

DCH4
3.23 4.72 2.45 4.84

DC2H6 3.11 4.35 2.13 4.6
DC3H8

2.99 4 2.03 4
DC4H10

2.51 3.26 1.8 3.8
DC5H12 2.33 2.9 1.51 3.59
DC6H14

2.4 2.6 1.37 3.54

Large portions of the heavier gas components are adsorbed to walls. Selectivity values of hexane,

which is the heaviest gas component, compared to other gas components are higher than 1, which

shows that it has the highest adsorption tendency. Therefore, in a organic nanopores of shale, the

heavier components may remain in reservoir in adsorbed phase while the lighter components are

produced.

In contrary to previous studies on single component gases flow in carbon-based smooth conduits,

plug-shaped velocity profiles are not observed and the gas molecules velocities near the wall are

smaller than other parts of channel. Lower velocities near the wall may be due to presence of rough

surfaces and components heavier than methane.

Pressure in the 4 nm channel is lower than that in the 2 nm channel. Furthermore, at the same

pressure gradient, the molecular flux values obtained in 4 nm channel is higher than those in the 2

nm channel. The rate of increase of molecular flux with pressure gradient parameter is higher for 4

nm channel.

The molecular flux of light composition sample is slightly higher than that of heavy composition

sample in the 2 nm channel due to its higher composition of light molecules. Therefore, the heavier

components reduce the molecular flux in the 2 nm channel, while their effect in the 4 nm channel

is not significant. Furthermore, for both channels, diffusion coefficients decrease as the number of

carbon atoms in the alkane chain increases (components become heavier).
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3.4 DCV-GCMD Simulations of Pure Gases in Smooth Or-

ganic Nanocapillaries

Transport properties of fluids, such as density and viscosity, in confined systems may be significantly

different from their nominal values (unconfined properties).

As far as viscosity, several authors have presented Several viscosity models have been reported that

can predict the viscosity of the fluids under confinement by relating them to the nominal gas viscosity

values and Knudsen number (Kn) [5, 16, 18, 52, 84, 96, 108],

µactual
µnominal

= f(Kn) (3.17)

However, these models are developed for inorganic pores and the gas behavior is organic pores are

different due to adsorption of gas molecules to surface of the pore. due to the interaction forces

between the organic molecules at the surfaces of the pores, heterogeneous fluid distributions exist in

these pores, that can cause local changes in density and viscosity of the fluids [68, 73].

In this work, we compare the transport of gases with high adsorbing capacity (methane and argon)

with the ones with low adsorbing capacity (neon) in carbon-based organic capillaries. Monte Carlo

simulation are performed within Grand Canonical ensemble to predict the adsorption properties (ex-

cess and absolute) of investigated gases. DCV-GCMD simulations are then carried out in capillaries

with 2, 4, 6, and 8 nm diameter at different pressures and pressure gradients. Furthermore, density,

mass flux, and velocity profiles of the gases are compared. Effect of system geometry (pore diameter)

and average pore pressure on diffusion coefficients in organic nanopores is studied. The predictions

made by the Knudsen diffusion model are compared with DCV-GCMD results. Furthermore, the

viscosities of argon, methane, and neon are determined and analyzed based on Karniadakis et al.

[52] viscosity model.

3.4.1 Problem Setup

Two graphite capillaries are created using Moltemplate molecular builder software [46] with diame-

ters of 2 and 4 nm. The walls of the capillaries are made with three layers of graphite. The distance

between concentric carbon capillaries are 0.335 nm. The distance between two adjacent carbon
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atoms in the same carbon capillary is 0.142. The length for these capillaries are chosen to be 40

and 80 nm for 2 and 4 nm capillaries (Length to Diameter ratio of 20), respectively. The capillaries

are placed between two bulk reservoirs with high (H) and low (L) pressures. The pressures of the

bulk reservoirs are kept constant by insertion and deletion of molecules. Temperature of the system

is set to 300 K using the Nose-Hoover thermostat. Two graphite walls are placed at the ends of

the bulk reservoirs to avoid their direct contact because of the periodic boundary condition that is

applied in z direction. Furthermore, the lengths of the reservoirs are selected to be 2 and 4 nm,

respectively. Additionally, two hollowed walls are placed at both ends of the capillaries to guide all

the gas molecules toward the capillaries.

Figure 3.28: Simulation setup for the 2 nm capillary. The capillary length is 40 nm. “H” and “L”
represent the high and low pressure reservoirs, respectively.

3.4.2 Results and Discussion

Adsorption isotherms

In this subsection, absolute and excess adsorption of the gases are studied by performing GCMC

simulations. Absolute adsorption is total number of molecules contained in the pore per unit mass

of solid [100]. Excess adsorption is the actual amount of gas present minus the amount of gas that

would be present in the same space at prevailing bulk density. These simulations are performed at

a fugacity range of 10 to 285 atm for argon, 10 to 222 atm for methane, and 10 to 374 atm for

neon to investigate their adsorption behavior in the capillaries. These fugacity ranges translate to

a pressure range of 10 to 330 atm for each gas. The amount of gas in bulk phase (unconfined) is

defined as the amount of gas in the absence of pore walls at specified temperature and pressure.

Density of the gas molecules with and without confinement are shown in Fig. 3.29. In unconfined

situations, density of gases increase as pressure (and fugacity). For inert gases, such as neon and

argon, this increase is relatively linear. However, for methane, which is not an ideal gas, this

increase only linear for low pressures (below 50 atm). As pressures increase, the increase becomes
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nonlinear. Absolute adsorption quantities increase as the fugacity increases and tend to saturate at

higher fugacities for argon and methane (dashed lines in Fig. 3.29). In the 2 nm capillary, methane

and argon have similar absolute adsorptions and are distinctly different from the ones for neon

(Fig. 3.29a). In the 4 nm capillary, absolute adsorption of methane is higher than argon and neon

for entire pressure range (Fig. 3.29b). Absolute adsorption values for methane ranges from 1.5 to

7.6 mol/kg as fugacity increases from 10 to 220 atm compared to those for argon for which the

adsorption values change from 0.5 to 5.3 mol/kg for the same fugacity range. For both capillaries,

neon has lower adsorption quantities compared to methane and argon, which demonstrates that it

is a less adsorbing gas compared to methane and argon.
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Figure 3.29: Absolute adsorptions for the (a) 2 nm and (b) 4 nm capillaries.

Excess adsorption values are small at 10 atm for all gases because the bulk and absolute adsorption

values are similar for both capillaries (at low pressures all gases behave as ideal gases) (Fig. 3.30).

As pressure (fugacity) increases, the excess loading reaches a maximum above which the loadings

decrease. In 2 nm capillary, all gases reach a maximum adsorption (at an optimum fugacity) after

which the adsorption quantities decrease. In the 4 nm capillary, the excess adsorption quantities

for methane are distinctively higher than those for argon and neon while in 2 nm capillary, argon

and methane excess values are in the same range. In 4 nm capillary, adsorption values for methane

and argon reach as high as 3.35 and 1.41 mol/kg, respectively. The difference in isotherms of two

capillaries is because the amount of adsorbed gas is directly scales with capillary surface area. The

surface area of 4 nm capillary is 8 times greater than the 2 nm capillary. Neon excess adsorption

values are less than the other two gases and range from -0.07 to 0.5 mol/kg for 2 nm capillary and

-0.4 to 0.3 for 4 nm capillary. Therefore, the neon density under confinement is similar to its density

without confinement (excess quantities are close to zero).
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Figure 3.30: Excess adsorptions for a (a) 2 nm and (b) 4 nm capillaries.

3.4.3 Chemical Potential Driven Flow

In this section, the normalized velocity (velocity divided by the average velocity across the capillary)

profiles of the gases across the capillary are presented. The normalized velocity profiles at the same

pressure for different pressure gradients are the same, which shows that the flow regime falls in the

linear response regime [4].

DCV-GCMD simulations are performed at three mean pressures of 20, 50, and 90 atm. The mean

pressure is the average pressure of the two reservoirs. The length of the capillaries are selected to

be 40, 80, 120, and 160 nm for tubes with 2, 4, 6, and 8 nm diameters, respectively, to have a fully

established flow and avoid any connections between the two reservoirs. Several pressure gradients

are applied at each pressure. The density and normalized gas velocity profiles of argon, methane,

and neon at different pressures are plotted in Figs. 3.31, 3.33 and 3.35, respectively. The mass fluxes

are also computed and compared with Knudsen diffusion predictions in Figs. 3.32, 3.34, and 3.36.

A. Argon

Density of argon at the wall increases as pressure increases in all capillaries (Fig. 3.31). For instance,

for the 2 nm capillary, argon density at the wall increases from 1763 to 3549 kg/m3 as pressure

increases from 20 to 100 atm. Because the adsorption isotherm is not a linear function of the

pressure, the rate of increase of gas density at the wall decreases as pressure increases.
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Normalized velocity values range from 0.95 to 1.05, which demonstrate the formation of approxi-

mately plug-shaped flow profiles for argon in the 2 and 4 nm capillaries. As tube size increases,

argon molecules tend to have a lower velocities at the vicinity of the wall than at the middle of the

capillary. The normalized velocity of 6 and 8 nm capillaries range from 0.8 to 1.15 at 20 atm. How-

ever, at 100 atm, the normalized velocity ranges from 0.89 to 1.11. Therefore, a-plug shaped flow

profile exists even with larger capillary sizes. In other words, gas molecules in both bulk phase and

adsorbed phase have similar velocities for all the examined pressure gradients. One of the reasons

for this behavior might be the smooth structure-less geometry of the capillary walls.
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Figure 3.31: Density and normalized velocity profiles of Argon.

For all the pressures, mass flux values are linearly change with pressure gradients for both capillary

diameters (Fig. 3.32). The molecular fluxes computed from DCV-GCMD simulations are at least

one order of magnitude higher than those estimated by the Knudsen diffusion. This is due to the

contribution of adsorbed phase to the flow. These results are consistent with the results published

by Holt et al. [42]. The simulations also demonstrate that at lower pressures, the molecular fluxes

are slightly higher than those at high pressures for the same pressure gradients.
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Figure 3.32: A comparison of calculated mass flux with the ones predicted by Knudsen diffusion.
(a) 2 nm (b) 4 nm

B. Methane

Similar to argon, as the pressure increases, methane density at the wall increases (Fig. 3.33). For

instance, for the 2 nm capillary, the gas density at wall increases from 1104 to 1625 kg/m3 for a

pressure range of 20 to 100 atm.

The normalized velocity at different pressures ranges from 0.95 to 1.08 for the 2 nm capillary. As

the capillary diameter increases, the normalized velocity range increases. For instance, in the 8 nm

capillary, normalized velocity values range from 0.75 to 1.1. As the pressure increases, the velocity

profiles become less concave until they reach plug-shapes velocity profiles. The normalized velocity

values are close to 1 that one can say that the methane molecules at the wall flow with a similar

velocity as the gas molecules in the bulk phase.

Computed molecular fluxes for methane are at least one order of magnitude larger than those

predicted by Knudsen diffusion (Fig. 3.34). Similar to argon, as pressure decreases, the slope of the

plot increases.
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Figure 3.33: Density and normalized velocity profiles of Methane.
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Figure 3.34: A comparison of computed mass flux for methane with the ones predicted by Knudsen
diffusion. (a) 2 nm (b) 4 nm
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C. Neon

Although the neon density is higher near the wall, total neon gas amount in capillary is almost equal

to its bulk amount leading (approximately zero excess adsorption) as shown in Fig. 3.30a and 3.30b.

The velocities of neon molecules are similar across the tube and a plug-shaped flow profile is observed

similar to those for argon and methane (Fig. 3.35). Comparing argon, methane, and neon normalized

velocities, it can be observed that methane has lowest velocity near the wall. Argon’s normalized

velocity is slightly higher than methane and lower than neon. For example, for the 8 nm capillary

at 20 atm pressure, the normalized velocities of methane, argon, and neon at wall are 0.75, 0.8, and

0.85, respectively.
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Figure 3.35: Density and normalized velocity profiles of Neon.

Computed molecular fluxes are roughly 5 times higher than those of predicted with Knudsen diffusion

model (Fig. 3.36).
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Figure 3.36: A comparison of COMPUTED mass flux values for neon with the ones predicted by
Knudsen diffusion. (a) 2 nm (b) 4 nm

The lower methane normalized velocities at the wall can be attributed to its gas-wall strength

of potential interaction. Fig. 3.37 demonstrate the Lennard-Jones strength of potential of these

three gases. Methane have the highest strength (ε) while neon have the lowest gas-wall strength of

potential. Therefore, neon molecules would flow with higher velocities near the wall compared with

argon and neon.

Figure 3.37: Lennard-Jones potential of studied gases.

The molecular fluxes determined from DCV-GCMD simulations are at least one order of magnitude
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higher than those predicted from Knudsen diffusion model for both argon and methane (Fig. 3.32

and 3.34). This underestimation is lower for neon in comparison with argon and methane.

3.4.4 Comparison of R13 Model with Molecular Simulations

In this section, the molecular simulation results for velocity profiles are compared with the analytical

velocities developed using R13 model [56]. The tube surface-gas molecules interaction are accounted

for using the tangential momentum accommodation coefficient (TMAC) in this model. In our

previous works [55, 56], we validated R13 results using the TMAC of unity, meaning the interactions

are fully diffusive. Due to smooth nature of the geometries in this study, we intend to find the

TMAC values for the gases in the 2, 4, 6, and 8 nm capillaries.

The molecular simulation velocity profiles are compared with R13 model. TMAC values are found

by fitting the molecular simulation results with those of R13 model for each gas and capillaries. In

the presented results (Figs. 3.38, 3.39 ,3.41, and 3.40), the solid lines represent the model result and

points show results for the molecular simulations.

For methane and argon and capillary diameters (2, 4, 6, and 8 nm), the TMAC values in R13 model

are altered until good with the simulation results is reached. The velocity profile resulted from

R13 model with fully diffusive (TMAC=1, green curves) and fully specular (TMAC=0, blue curves)

boundary conditions are also plotted in the same figures. It is demonstrated that the fully diffusive

boundary condition tend to underestimate the velocity values for the simulated geometries, while

the specular boundary overestimate the velocity values.

The Knusden numbers and pressure under which molecular simulations are performed are listed in

Table 3.9. For argon and methane in both tubes, as pressure increases (Knudsen decreases), TMAC

values increase. In other words, at lower pressures, the wall-gas interactions are more specular-like

compared to higher pressures. Neon simulations cover a higher range of Knudsen numbers (up to

3.6) for the same pressure range due to its smaller molecular size of neon compared to methane and

argon. It should be pointed out the R13 model is validated for Knudsen values up to unity [55].

Therefore, the TMAC values found for Knudsen number larger than unity are not used in this work.

For each has type, the TMAC values do not follow the same trend line for 2 and 4 nm capillaries,

which might be due the different adsorption properties (Fig. 3.3). To account for the adsorption

properties in the two tubes, the TMAC values are multiplied by adsorption surface coverage, θ
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Gas Size Pressure Kn TMAC

Methane 2 20 0.292 0.038
50 0.221 0.055
100 0.185 0.085

4 20 0.306 0.135
50 0.188 0.170
100 0.155 0.176

6 20 0.261 0.155
50 0.149 0.405
100 0.103 0.340

8 20 0.150 0.120
50 0.132 0.360
100 0.089 0.410

Argon 2 20 0.507 0.050
50 0.313 0.060
100 0.232 0.075

4 20 0.541 0.125
50 0.278 0.155
100 0.181 0.180

6 20 0.561 0.235
50 0.261 0.300
100 0.152 0.280

8 20 0.961 0.420
50 0.426 0.630
100 0.241 0.520

Table 3.9: The Knudsen numbers and pressures under which the molecular simulations are per-
formed.

(Fig. 3.42). Doing this, for both capillaries, the products of TMAC and surface coverage for argon

and methane fall in the same trend.

62



220

230

240

V
el

oc
it

y
(m

/s
)

0 1 2 3 4 5 6 7

Radius (A)

0

20

40

(a) Kn=0.23

170

180

190

V
el

oc
it

y
(m

/s
)

0 1 2 3 4 5 6 7

Radius (A)

0

20

40

(b) Kn=0.51

90

100

110

V
el

oc
it

y
(m

/s
)

0 1 2 3 4 5 6 7

Radius (A)

0

10

20

30

(c) Kn=1.72

Figure 3.38: Comparison of the simulation results with R13 model for argon in the 2 nm capillary
(a) Pavg = 100 atm, ∆P = 100 atm, (b) Pavg = 50 atm, ∆P = 60 atm, and (c) Pavg = 20 atm, ∆P
= 20 atm
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Figure 3.39: Comparison of the simulation results with R13 model for methane in the 2 nm capillary
(a) Pavg = 100 atm, ∆P = 100 atm, (b) Pavg = 50 atm, ∆P = 60 atm, and (c) Pavg = 20 atm, ∆P
= 20 atm
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Figure 3.40: Comparison of the simulation results with R13 model for argon in the 4 nm capillary
(a) Pavg = 100 atm, ∆P = 100 atm, (b) Pavg = 50 atm, ∆P = 60 atm, and (c) Pavg = 20 atm, ∆P
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Figure 3.41: Comparison of the simulation results with R13 model for methane in the 4 nm capillary
(a) Pavg = 100 atm, ∆P = 100 atm, (b) Pavg = 50 atm, ∆P = 60 atm, and (c) Pavg = 20 atm, ∆P
= 20 atm
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Figure 3.42: The product of TMAC and adsorption surface coverage, θ, as a function of Knudsen
number.

3.4.5 Diffusion Coefficients

In this study, transport diffusion coefficients for methane and argon are determined. The Langmuir

isotherms are fitted to absolute adsorption of argon and methane for the 2 and 4 nm capillaries and

thermodynamic factors are determined. Finally, corrected diffusivity coefficients are determined

using Eq. 3.18.

DT = Dc
∂ln(f)

∂ln(c)
, (3.18)

Both transport and corrected diffusivity coefficients for argon and methane decrease as pressure

(fugacity) increases (Fig. 3.43). The corrected diffusivity coefficients are smaller than the transport

ones because the thermodynamic factors are larger than one. The thermodynamics factors are equal

to one when for unconfined systems density increases linearly with pressure. This is the case for

the ideal gases. For confined systems, the thermodynamic factor is larger than one. Therefore,

corrected and transport diffusion coefficients become identical in unconfined systems at infinite

dilution limit. The difference between the transport and corrected diffusion coefficients increase as

pressure increases because the absolute adsorption amount increases with pressure.

The differences between the transport and corrected transport diffusivity values are smaller for the 4

nm capillary compared with those for the 2 nm one (Fig. 3.43). This shows that the thermodynamic

factor in the 2 nm capillary is larger than that in the 4 nm capillary. The thermodynamic factor

of the 2 nm capillaries are higher than those of the 4 nm for argon and methane ( Fig. 3.44). At
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smaller capillary diameters, for the same pressure, molecules collide with capillary walls with increas-

ingly higher probability compared with intermolecular collisions. Therefore, the capillary wall can

significantly influence the transport diffusion coefficient as the capillary size reduces. Furthermore,

transport diffusion coefficient is influenced by thermodynamic factor as indicated in Eq. 3.18.
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Figure 3.43: Transport and corrected diffusivity coefficients for argon and methane. (a) 2 nm (b) 4
nm.
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Figure 3.44: Thermodynamic factors for argon and methane in the 2 and 4 nm capillaries.

3.4.6 Viscosity

In order to determine the viscosity of the gases an empirical equation developed by Hippler et al. [41]

which relates the gas molecules self-diffusion coefficient to viscosity. In order to apply this equation
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for dilute gases, it was modified by [28] and is casted as,

T ∗

µ∗D∗
= 2πσ∗

[
1− exp

(
− 64ρ∗

15σ∗
Ω(1,1)Ω(2,2)

)]
(3.19)

where,

σ∗ =
5.02

2πρ∗
, ρ∗ = ρσ3, T ∗ =

kBT

ε
, µ∗ =

µσ2

(mε)0.5
, D∗ =

D

σ

(m
ε

)0.5
Ω(1,1) =

1.06

(T ∗)0.16
+

0.19

exp(0.48T ∗)
+

1.04

exp(1.53T ∗)
+

1.76

exp(3.89T ∗)
,

Ω(2,2) =
1.16

(T ∗)0.15
+

0.52

exp(0.77T ∗)
+

2.16

exp(2.44T ∗)
− 6.43× 10−4(T ∗)0.15

× sin
(
18.03(T ∗)−0.77 − 7.27

)
.

In this equation, ρ is number density, σ is molecular diameter, ε is Lennard-Jones strength of

potential, m is molecular mass, T is temperature, kB is Boltzmann constant, µ is viscosity, and D

is self-diffusion coefficient. The modified Hippler et al. [41] equation relates the viscosity of the gas

to self-diffusion coefficient. Equilibrium molecular dynamics (EMD) simulations are usually carried

out to the determine the self-diffusivity coefficients. Self-diffusion, Ds, is defined as the mean square

displacement of molecules over time,

Ds =
1

6N
lim
t→∞

d

dt

〈
n∑
i=1

[~ri(t)− ~ri(0)]
2

〉
, (3.20)

where N is the number of molecules and ~ri(t) is the location of the ith molecule at time t. The angular

bracket represents the ensemble average quantity. Self-diffusion coefficients for argon, methane, and

neon are determined at different pressures by performing EMD simulations.

Self-diffusion coefficients for all gases decrease as pressure increases for the 2 and 4 nm capillaries

(Figs. 3.45). For the simulated pressure range, the computed self-diffusion coefficients for adsorbing

gases (argon and methane) are higher in the 4 nm capillaries than those of 2 nm. However, the

difference between viscosities of 2 and 4 nm capillaries reduces as pressure increases.

For neon, the self-diffusion coefficients are approximately one order of magnitude larger than those

in argon and methane. This might be due to the fact that for neon, which has a lower heat of

adsorption and molecular weight compared to argon and methane, the molecules in the capillaries

have more freedom to move and are less influenced by the force-field of the carbon molecules on the

pore walls as shown in Fig. 3.37. The computed values for neon in the 2 and 4 nm capillaries are
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approximately the same except at 10 atm, where the self-diffusion coefficients for the 4 nm are larger

than those in the 2 nm. This shows that the effect of adsorption on the self-diffusion coefficients is

minimal for neon.
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Figure 3.45: Self-diffusion coefficient of methane and argon in the carbon nanotubes with 2 and 4
nm diameters; (a) Argon (b) Methane

Gas viscosities are calculated using Eq. 3.19. Viscosity values for argon and methane increase

approximately linearly with fugacity for both capillaries. For methane and argon, gas viscosity

values in the 2 nm capillary are higher than those in 4 nm capillary. The viscosity values of neon

for the two capillaries are almost the same for fugacities less than 90 atm. As pressure increases

above 100 atm, the differences between the values in the two capillaries become larger. The neon

viscosities are less than argon and methane.
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Figure 3.46: Viscosity of gases in the 2 and 4 nm capillaries as a function of fugacity; (a) Argon (b)
Methane (c) Neon.

In order to compare the calculated gas viscosities with those in Karniadakis et al. [52], the ratio

of µactual

µnominal
is plotted against the Knudsen number in Fig.3.47. The Knudsen number is calculated

using,

Kn =
1√

2nvπrd2
, (3.21)

where nv is number density, r is radius of capillary, and d is the molecular diameter. According to

Karniadakis et al. [52] model, the actual to nominal viscosity ratio is calculated as,

µactual
µnominal

=
1

1 + 2.2Kn
(3.22)

In the 4 nm capillary, the computed viscosities fall below the nominal viscosities as the ratio is

less than one for all gases for the Knudsen numbers tested. On the other hand, the viscosities of

the adsorbing gases (argon and methane) in the 2 nm capillary decreases from above to below its

nominal values as Knudsen number increases from 0.5 to 2.5. For argon and methane, the ratio of

actual to nominal viscosity is not only a function of Knudsen number, but also the capillary size.

Therefore, the Karniadakis et al. [52] model which is developed for systems without adsorption (such

as inorganic conduits), cannot be used for organic nanopores. A comparison of molecular simulation

results (and employing Hippler et al. [41] model) and Karniadakis et al. [52] model prediction shows

that the latter is underestimating adsorptive gas viscosities in the 2 nm capillary for Knudsen
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numbers less than 2.

Neon viscosity values in both capillaries are below their nominal values. Predicted viscosity values

by the Karniadakis et al. [52] model are close to the ones predicted by the molecular simulations.

It should be pointed out that the low Knudsen flow viscosity results for neon in the 2 nm capillary

are not available.

To see the effect of Knudsen number on the computed viscosity values of the argon and methane, the

viscosity values are plotted in Fig. 3.48. For each gas in this figure, the viscosity values are different

in different capillary sizes. However, for both gases in each capillary, similar viscosity values are

observed for each Knudsen number.
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3.4.7 Conclusions

In this work, transport of gases with high adsorbing capacity (methane and argon) are compared

with the ones with low adsorbing capacity (neon) in carbon-based capillaries with 2, 4, 6, and 8

nm diameters. Monte Carlo simulation are performed within Grand Canonical ensemble to predict

the adsorption properties (excess and absolute) of investigated gases. DCV-GCMD simulations

are then carried out at different pressures and pressure gradients. Self, transport, and corrected

diffusion coefficients are also calculated. Density, mass flux, and velocity profiles of the gases are

compared. Furthermore, contribution of adsorbed phase transport is investigated by the transport

of gases with different adsorption capacities. Effect of capillary diameter, average pore pressure, and

pressure gradient on the fluid transport in the capillaries are studied.

Based on the simulations results, as the pressure increases, the amount of adsorbed gas molecules

increases and tend to saturate at high pressures. The absolute adsorption of a particular gas is

higher in 4 nm capillary diameters compared with those of 2 nm. Plug-shaped velocity profiles are

observed for all the gases and all the capillary sizes studied. Based on the computed mass fluxes, it

is shown that the Knudsen diffusion model underestimates the molecular flux. This underestimation

for flow of low adsorbing gases is less than that of high adsorbing gases.

The thermodynamic factor in smaller capillaries are higher because molecules collide with capillary

walls at higher rates compared with one another. Therefore, the differences between the transport
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and corrected transport diffusivity values are smaller for larger capillaries compared with those for

smaller ones.

It is found that less adsorptive gases have higher self-diffusion coefficient where neon demonstrate

highest self-diffusivity. Viscosity of all gases reduces as pressure increases and saturates at high

pressures. The viscosity of gases in nanopores are lower than their nominal values. It was found

that the viscosity models for dilute gases under confinement are not good candidates to be used

in organic nanopores due to adsorption of gases to pore surface. For adsorbing gases (with similar

adsorbing properties) in a capillary, similar viscosity values are observed for each Knudsen number.

The conclusions made in this study are drawn based on the MD simulation results in smooth

structure-less geometries. Transport and adsorption of fluids on geometries with rough surfaces

should be done to make more conclusive recommendations on fluid flow and storage in realistic

systems such as shale reservoirs.
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Chapter 4

Carbon Dioxide Sequestration in

Realistic Kerogen Model

Carbon capture and sequestration (CCS) in depleted shale gas reservoirs provides an opportunity for

underground storage of the CO2. CO2 has higher affinity to the organic matter of shale compared

to CH4. Injecting CO2 into the shale reservoirs can cause the CH4 molecules in the adsorbed state

to be desorbed and and replaced by the CO2 molecules (enhanced gas recovery-EGR). Current

understanding of the competitive adsorption/desorption process of CO2 and CH4 and its impact

on the efficiency of CCS is still insufficient. Furthermore, the transport coefficients describing this

process are not well defined.

In EGR and CCS processes in shale, the competitive adsorption equilibrium is of significant impor-

tance. There have been many approaches to determine the adsorption isotherms of pure CO2 and

pure CH4 to estimate the maximum capacity for CO2 storage and CH4 recovery including the vol-

umetric method [40, 71, 77], manometric method [62], and gravimetric method [80]. Adsorption of

binary CO2-CH4 mixtures has also been measured using gravimetric-chromatographic method [79].

Shale is composed of organic nanoporous matter called kerogen. Almost half of the total hydrocar-

bons is assumed to be in stored in kerogen in the adsorbed state [24, 109]. Thus, it is necessary to

study the adsorption phenomena from a microscopic point of view.

Molecular simulations have been proved to be credible alternatives to experimental measurements
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of species adsorption in micoroporous materials [4]. GCMC simulations have been extensively used

to study the pure species adsorption in microporous carbon [12], graphite nano-conduits [58], and

realistic molecular models of coal [113] and shale [25] and microporous carbon [12].

There are few studies on species diffusion in EGR process in the literature. There are a few mecha-

nisms, such as inhomogeneous fluid distribution of the species, adsorption selectivity, and apparent

viscosity that manifest themselves into different diffusion coefficients, namely self-, corrected (or

Maxwell-Stefan), and transport diffusion coefficients. The transport diffusion coefficients of pure

CO2 and pure CH4 and CO2-CH4 mixtures can be calculated from their trajectories [92, 113].

The objective for this work is to shed light on the the diffusion phenomena of the binary mix-

tures by performing molecular simulations in carbon-based organic nanochannels. Adsorption of

pure CH4 and pure CO2, CO2-CH4 mixtures, and also adsorption selectivity values of CO2 over

CH4 are computed by performing GCMC simulations. EMD simulations are also performed to cal-

culate the Onsager transport diffusion coefficient matrix and the Fickian diffusion coefficients via

thermodynamic factors at varying pressure and species mole fraction.

4.1 Diffusion of Binary Mixtures

Three different phenomenological approaches are generally used to model the diffusion, namely self-,

corrected (or Maxwell-Stefan), and transport diffusion coefficients. In Fick’s formulation, the fluxes,

(N), are related to the gradients of concentrations, ∇c, with Fick’s diffusivity matrix, DT , being

the proportionality constant,

(N) = −ρ
[
DT
]

(∇c) , (4.1)

or in vector notation,

Ni = −ρDT
ij

∂c

∂xj
, (4.2)

where Ni is the molecular flux of species i in a mixture (molecules/m2.s), ρ is the density number

(kg/m3), ci is the concentration, and DT is the matrix of Fick’s diffusivities (m2/s), which is strongly

dependent on mixture composition and loadings. Another popular formulation is Onsager’s. In this

formulation, the fluxes are casted as a function of gradients of chemical potential,

(N) = −[L](∇µ) . (4.3)
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The Onsager matrix, [L], is a symmetric matrix. For a mixture of species i and j, Onsager matrix

can be written as,

Lij =
1

6N
lim
t→∞

1

t

〈(
Ni∑
l=1

(rl,i(t)− rl,i(0)

)
.

 Nj∑
k=1

(rk,j(t)− rk,j(0)

〉 , (4.4)

where rl,i(t) is the position of lth molecule of component i at time t. The chemical potential gradient

can be related to concentration gradient as,

ci
kBT

∇µi =
∑
j

Γij∇cj , Γij =
θi
θj

∂ lnfi
∂ lnθj

, (4.5)

θi =
ci

ci,sat
,

where θi is the fractional occupancy of component i, ci,sat is saturated molar concentration of

adsorbed species, fi is the fugacity of component i, and Γij is the matrix of thermodynamic factors. If

the binary mixture adsorption isotherms can be modeled using multicomponent Langmuir isotherm,

then the elements of matrix of thermodynamic factors can be written as,

Γij = δij +
θi

1− θ1 − θ2
. (4.6)

Therefore, the matrix of Onsager diffusion coefficients can be converted to those of Fickian as,

[DT ] = [L]

1/θ1 0

0 1/θ2

 [Γ] . (4.7)

While Fick’s and Onsager formulations are phenomenological approaches, the Maxwell-Stefan for-

mulation balances diffusive and drag forces. Diffusion of species i is described as,

ρ
θi
kBT

∇µi =

n∑
j=1
i 6=j

cjNi −Nicj
ci,satcj,satDMS

ij

+
Ni

ci,satDMS
i

, (4.8)

where DMS
i is the Maxwell-Stefan diffusivity coefficient of component i and DMS

ij are the binary

exchange Maxwell-Stefan diffusivities. For single component systems, DMS
i is called the corrected

diffusivity. It is important to emphasize that all aforementioned formulations of are strictly equiva-

lent.
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4.2 Binary Adsorption Isotherms

Grand canonical Monte Carlo simulations of methane and carbon dioxide are performed to in-

vestigate the binary adsorption behavior of these two gases in kerogens with different maturities.

Simulations are performed at various pressures. The methane and carbon dioxide pressures are

changed from 20 to 170 atm resulting in 36 simulations for each kerogen type. All the simulations

are performed at 350 K. The methane and carbon dioxide molecules are modeled using OPLS-AA

and COMPASS class2 force fields, respectively.

The adsorption isotherms of all kerogen types are plotted in Figs. 4.1 and 4.2. The adsorbed amount

of CO2 is higher than CH4 for all kerogen types at all pressures due to strong permanent quadrapole

moment of CO2. As the pressure of each gas at the pore space increases, its adsorbed amount

increases as well and at the same time, the adsorbed amount of other gas reduces.
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(a) IIA-CH4 (b) IIA-CO2

(c) IIB-CH4 (d) IIB-CO2

(e) IIC-CH4 (f) IIC-CO2

Figure 4.1: Binary adsorption isotherms of CH4 and CO2 for kerogen types IIA, IIB, and IIC.
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(a) IID-CH4 (b) IID-CO2

(c) IIIA-CH4 (d) IIIA-CO2

Figure 4.2: Binary adsorption isotherms of CH4 and CO2 for kerogen types IID and IIIA.

For example, for kerogen type IIA (Fig. 4.1a), the amount of adsorbed methane increases from

0.16 to 0.66 mmol/gr when its pressure increases from 20 to 170 atm and CO2 pressure is 20 atm

(red hollow circles). When the CO2 pressure increases to 170 atm, the amount of adsorbed methane

increases from 0.07 to 0.28 mmol/gr which demonstrates a reduction by 57%. Looking into Fig. 4.1b,

the amount of adsorbed CO2 increases from 0.39 to 1.14 mmol/gr when the CO2 pressure increases

from 20 to 170 atm at a methane pressure of 20 atm. At a CH4 pressure of 170 atm, the amount

of adsorbed CO2 increases from 0.23 to 1 mmol/gr. The amount of CO2 decreased by 41% and

14% when the methane pressures are 20 and 170 atm, respectively. This trend can be observed for

all kerogen types. The most significant reduction of in methane adsorption amount occurs when

CO2 pressure increases from 20 to 50 atm. The adsorption capability of methane does not change

significantly for CO2 pressure above 80 atm.

The adsorption isotherms are fitted to Langmuir multicomponent adsorption isotherms as is shown
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in Equation. 4.9. Here and throughout the remainder of this chapter, the subscripts 1 and 2 for

concentrations, partial pressures, etc. refer to CH4 and CO2, respectively.

c1
c1,sat

=
A1P1

1 +A1P1 +A2P2

c2
c2,sat

=
B1P2

1 +B1P1 +B2P2
(4.9)

Coefficients obtained for the best fit are listed in Table 4.1.

Table 4.1: Calculated parameters for the binary adsorption isotherms (Equation. 4.9 )

Parameter Value-IIA Value-IIB Value-IIC Value-IID Value-IIIA

A1 0.01538 0.00775 0.02488 0.02174 0.01617

A2 0.02884 0.02721 0.02607 0.02491 0.02492

c1,sat 0.79194 1.59680 0.75161 0.75345 0.97402

B1 0.01904 0.01865 0.01961 0.02931 0.02111

B2 0.00271 0.00281 0.00318 0.003582 0.00294

c2,sat 1.49632 1.82895 1.75217 1.92903 2.03316

The fitted values are compared with the computed ones in Fig. 4.3. The straight line shows that

the fitted values are close to the simulation results. The CO2 fitted data are fitted to Langmuir

multicomponent adsorption isotherm with R-squares more than 98% for all kerogen types. However,

methane data are not fitted as good as CO2 data with R-square values more than 85%.

The total adsorption amount can be determined by adding the concentration of each component in

Equation 4.9.

ct = c1 + c2 (4.10)

Furthermore, the component mole fractions could be determined as,

y1 =
P1

Pt
, y2 = 1− y1 (4.11)

where Pt is the total mixture pressure. The mole fraction of each component in adsorbed phase can

be calculated as,

x1 =
c1
ct
, x2 = 1− x1 (4.12)

Therefore, the equilibrium relationship between free gas phase and adsorbed phase can be expressed
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(a) IIA (b) IIB

(c) IIC (d) IID

(e) IIIA

Figure 4.3: Comparison between the simulation results and fits using Eqn. 4.9 for the binary mixture
adsorption for CH4 (red open circles) and CO2 (filled circles). The line denotes exact agreement.
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as,

x1
x2

=
c1,sat
c2,sat

A1y1
A2y2

1 +B1P1 +B2P2

1 +A1P1 +A2P2
(4.13)

The separation of methane (or carbon dioxide) between free gas and adsorbed phases is called

selectivity ratio and is defined as,

α1 =
x1/y1
x2/y2

=
c1,sat
c2,sat

A1

A2

1 +B1P1 +B2P2

1 +A1P1 +A2P2
(4.14)

where α1 is the selectivity of methane over carbon dioxide. The selectivity is depends on temperature,

pressure, and composition of the gas mixture and type of adsorbent. Selectivity values near one

indicate that the mixture is not separable by an adsorption process.

Figs. 4.4, 4.6, 4.7, 4.8, and 4.9 demonstrate the x-y diagrams and selectivity values for different

kerogen types at various total pressures (Pt). The red squares demonstrate the xCH4
-yCH4

plots and

green circles indicate the xCO2
-yCO2

diagrams. The selectivity values of carbon dioxide over methane

are determined based on x-y values of each component using Equation 4.14. For all kerogen types,

selectivity values are above one for all total pressures and gas compositions demonstrating that

carbon dioxide have higher adsorption capabilities than methane. The selectivity values against

carbon dioxide composition (yCO2
) indicate a maximum value at a CO2 composition less than 0.5

depending on kerogen type and total pressure. At some of selectivity graphs, the maximum point is

not observable due to limited number of points. After the maximum point, the selectivity reduces

as carbon dioxide bulk composition increases. Comparing different kerogen types, the selectivity

values are within the same range of 2 to 7. At the same composition, as the pressure increases,

the selectivity of carbon dioxide over methane increases for pressure range tested. For example, at

50–50% composition of CO2-CH4, the selectivity value increases from 2.45 to 3.94 as total pressure

increases from 40 to 280 atm for kerogen type IIA (Fig. 4.5). As the kerogen becomes more mature,

the selectivity values are relatively increasing.
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(a) Pt = 130 atm (b) Pt = 160 atm

(c) Pt = 190 atm (d) Pt = 220 atm

Figure 4.4: Selectivities and x-y diagrams at different total pressures for kerogen type IIA.

Figure 4.5: Selectivity values of different kerogen types at 50–50% gases composition.
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(a) Pt = 130 atm (b) Pt = 160 atm

(c) Pt = 190 atm (d) Pt = 220 atm

Figure 4.6: Selectivities and x-y diagrams at different total pressures for kerogen type IIB.
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(a) Pt = 130 atm (b) Pt = 160 atm

(c) Pt = 190 atm (d) Pt = 220 atm

Figure 4.7: Selectivities and x-y diagrams at different total pressures for kerogen type IIC.
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(a) Pt = 130 atm (b) Pt = 160 atm

(c) Pt = 190 atm (d) Pt = 220 atm

Figure 4.8: Selectivities and x-y diagrams at different total pressures for kerogen type IID.
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(a) Pt = 130 atm (b) Pt = 160 atm

(c) Pt = 190 atm (d) Pt = 220 atm

Figure 4.9: Selectivities and x-y diagrams at different total pressures for kerogen type IIIA.

4.3 Binary Diffusion Coefficients

Diffusion of gases is affected by presence of other components. When CO2 is injected into organic

nanopores, concentration CO2 will increase in nanopores and competitive adsorption of methane and

carbon dioxide affect the diffusion coefficients of methane. From practical point of view, a reliable

procedure for estimating Onsager diffusion coefficients are needed to be used for simulation of CO2

sequestration processes.

Equilibrium molecular dynamics simulations (EMD) are performed to calculate the diffusion coef-

ficients based on trajectory of methane and carbon dioxide molecules for a wide range of pressure.

Equation 4.4 is used to determine the Onsager diffusion coefficients.
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Diffusion coefficients are plotted in heat maps plotted in Figs. 4.10, 4.11, 4.12, 4.13, and 4.14. As

methane pressure increases while CO2 pressure is kept constant, its Onsager diffusion coefficients

increases. Since the carbon dioxide have higher adsorption capabilities than methane, its Onsager

diffusion coefficients are smaller than those of methane. Similar trends are observed for kerogen

types IIA, IIB, IIC, IID, and IIIA. The off-diagonal Onsager diffusion coefficients (Figs. 4.10b and

4.11b) are almost one order of magnitude less than the diagonal terms.

(a) CH4-CH4 (b) CH4-CO2 (c) CO2-CO2

Figure 4.10: Onsager diffusion coefficients of CH4-CO2 mixtures in the channel; (a) L11 (b) L12 (c)
L22.

(a) CH4-CH4 (b) CH4-CO2 (c) CO2-CO2

Figure 4.11: Onsager diffusion coefficients of CH4-CO2 mixtures in the channel; (a) L11 (b) L12 (c)
L22.
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The Onsager diffusion coefficients determined from molecular simulations can be used in modeling

carbon dioxide sequestration of organic nanopores of shale. The most significant opportunity of

employing MD simulations for obtaining gas diffusivity in organic nanopores lies in areas where

experiments for transport diffusivities are challenging. Measuring diffusivity at a wide range of

loadings in the pores at extreme conditions such as infinite dilute loading and/or saturation loading

is experimentally difficult. MD simulations can provide information about gas diffusion in organic

pores under these conditions. Getting diffusivity data as a function of gas pressure is crucial to

design carbon dioxide sequestration under a wide range of operating conditions.

(a) CH4-CH4 (b) CH4-CO2 (c) CO2-CO2

Figure 4.12: Onsager diffusion coefficients of CH4-CO2 mixtures in the channel; (a) L11 (b) L12 (c)
L22.
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(a) CH4-CH4 (b) CH4-CO2 (c) CO2-CO2

Figure 4.13: Onsager diffusion coefficients of CH4-CO2 mixtures in the channel; (a) L11 (b) L12 (c)
L22.

(a) CH4-CH4 (b) CH4-CO2 (c) CO2-CO2

Figure 4.14: Onsager diffusion coefficients of CH4-CO2 mixtures in the channel; (a) L11 (b) L12 (c)
L22.
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Chapter 5

Storage and Transport in Realistic

Kerogen Model

Studying kerogen structure and its interactions with fluids is important for understanding the mech-

anisms involved in storage and production of hydrocarbons from shale. Kerogen is the source of

hydrocarbons and the main constituents of the organic matter in sedimentary rocks [76, 88]. The

quantity and composition of the hydrocarbons accumulated during the kerogen evolution depend on

its chemical composition and structural features. Kerogen is a mixture of organic chemicals and its

chemical formula and properties vary depending on the geographical location [102]. Even when the

chemical composition of kerogen is known, the molecular structure can vary depending on the pore

space topology, porosity, and fluids present in the maturation process. This makes the modeling of

kerogen challenging. Most of the current studies on the transport of fluids in organic-rich shale are

mainly focused on fluid flow in simplified carbon-based conduits. The objective for this work is to

determine the transport properties of multicomponent systems in kerogens of different maturities us-

ing molecular dynamics simulations. Kerogen types and structures are first discussed in section 5.1.

In section 5.2, the method of creating a 3D solid structure of kerogen is presented. We also study

the effect water and carbon dioxide on transport of hydrocarbons in organic nanopores.
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5.1 Kerogen Types

Three types of kerogens can be found in organic matter [7, 104]. These types differ from each other

by the chemical content (carbon, oxygen, nitrogen, and sulfur content). Kerogen types are mainly

defined by the percentage of elemental hydrogen present in them. Hydrogen content of immature

kerogen decreases with thermal maturation [107]. Therefore, it can be used as a criteria to evaluate

relative thermal maturity of kerogen [104]. After burial of kerogen in sedimentary rocks, it loses its

hydrogen and oxygen content and becomes more concentrated in carbon content.

Type I kerogen has a highly aliphatic structure with a high H/C ratio and a relatively low O/C

ratio. It is mainly originated from algal-lacustrine and algal-marine sources. Type II kerogen has a

relatively high H/C ratio with a low O/C ratio. It is mainly originated from a mixture of sources

from Type I and Type III. Type III kerogen has features similar to Vitrinites. It has a high O/C ratio

with a relatively low H/C ratio [7, 104]. It is dominantly originated from higher plants accumulated

in non-marine environments.

Due to high complexity of kerogen samples, it is never possible to propose a general kerogen model.

Data are now available for different types of kerogens originated from different source rocks and

many two dimensional (2D) models for kerogens are generated [7, 63, 93]. For validation of kero-

gen structures, experimental and theoretical results, such as mechanical properties and adsorption

isotherms, should be compared. However, only using 3D structures, these properties can be calcu-

lated. In practice, the 2D structures can be converted to three dimensional (3D) structures using

quantum mechanics and molecular dynamics methods [24, 78, 87]. The proposed 3D structures

using computational techniques can provide wealth of information for comparisons of kerogens from

different source rocks. Furthermore, they are helpful in predicting the mechanism in which the

kerogen interacts with the bitumen and the mineral matter [45]. These 3D models also provide the

functional groups of kerogen exposed to surface and interior functional groups hidden inside the

kerogen [106]. Availability of a validated 3D model allows further computational study in order to

predict the type of interaction between the kerogen and the mineral matrix, which is essential for oil

production. Two approaches have been used to create 3D models from 2D models. First approach

considers quantum mechanics calculations, such Gaussian optimization, for finding the most stable

conformation (global maxima) [36]. This approach is not realistic for large systems (more than 500

atoms) [29, 39]. In the second approach, the most stable conformations is found using molecular

dynamics simulations [104]. In this work, Grand Canonical Monte Carlo (GCMC) and Equilibrium
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Molecular Dynamics (EMD) simulations are used to simulate the adsorption behavior and transport

of methane in kerogens with different maturities.

Figure 5.1: Van Krevelen diagram of the kerogen samples [60, 104]

5.2 Creating Kerogen 3D structure

Kerogen unit molecules with different maturities, prepared by Ungerer et al. [104] and available at

[1], are used in this study. Since the purpose of this study is to investigate the storage and transport

of gases, kerogen types IIA, IIB, IIC, IID, and IIIA are examined. The unit structures of each

kerogen type are shown in Fig. 5.2. The molecular formulas of each kerogen is shown in Table. 5.1.

Table 5.1: Mass and chemical formula of kerogens with different maturities.

Kerogen type Unit cell chemical formula Mass (gr/mol)

IIA C252H294N6O24S3 3887.252

IIB C224H263N5O14S2 3433.747

IIC C242H219N5O13S 3469.484

IID C175H102N4O9S2 2468.834

IIIA C233H204N4O27 3492.123

In order to build a representative solid state model of kerogen, eight kerogen molecules are placed in

92



(a) Kerogen type IIA unit cell (b) Kerogen type IIB unit cell

(c) Kerogen type IIC unit cell (d) Kerogen type IID unit cell

(e) Kerogen type IIIA unit cell

Figure 5.2: Unit cells of kerogen with different maturities. Color code: cyan is for carbon, silver for
hydrogen, red for oxygen, blue for nitrogen, and yellow for sulfur.

a 10×10×10 nm periodic cubic cell using Moltemplate software [46]. The hydrocarbon molecules are

not included in initial configurations. Instead, two spherical dummy particles are used to generate

pore spaces in the 3D structures. The Lennard-Jones diameter of dummy particles is selected to be 15

◦A. The dummy particles are deleted after 3D structure is developed. The COMPASS (Condensed-
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Phase Optimized Molecular Potentials for Atomistic Simulation Studies) class2 force field is used

to describe the interactions between atoms, bonds, and angles [98]. Once the initial configurations

of kerogen molecules are prepared, constant-temperature constant-volume (NVT) simulations are

performed at 900 K for 3 ns. Density of the system remains at 0.052, 0.046, 0.046, 0.033, 0.046

gr/cm3 for whole NVT simulation time for kerogen types IIA, IIB, IIC, IID, and IIIA, respectively.

Three conformations are sampled from NVT simulations. Each sampled conformation goes under

successive constant-temperature constant-pressure (NPT) simulations for a temperature range of

900 to 338 K at 20 MPa pressure. Each NPT simulation is performed for 500 ps. All simulations

are performed with 1 fs timestep using LAMMPS molecular simulator [81].

Final structures of kerogen types IIA and IIB are shown in Fig. 5.3. Porosity of kerogen structures

are calculated using the method described in Liang et al. [66]. Sizes of the kerogen structures and

their porosities are presented in Table. 5.2.

(a) Kerogen type IIA 3D structure (b) Kerogen type IIB 3D structure

Figure 5.3: 3D structure of kerogen types IIA and IIB.

Table 5.2: Kerogen structures sizes and porosities.

Kerogen type Box Sizes Porosity (%) Structure Density (gr/cm3)

IIA 36.91× 36.91× 36.91 13 1.03

IIB 35.85× 35.85× 35.85 15 1.01

IIC 35.35× 35.35× 35.35 16 1.02

IID 31.43× 31.43× 31.43 17 1.05

IIIA 35.27× 35.27× 35.27 16 1.06
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5.3 Molecular Simulation Results and Discussions

In this section, the pure methane adsorption isotherms are determined and compared to experi-

mental results. Furthermore, the multicomponent transport of gases inside these kerogen types are

investigated.

5.3.1 Adsorption Isotherms

GCMC simulations are performed to determine the adsorption capability of kerogens with different

maturities. For each maturity, initializing GCMC moves are used to place the methane molecules in

the domain, minimizing the energy for a pressure range of 20 to 140 atm. The adsorption isotherms

are determined for each kerogen type and maturity (Fig. 5.4). Along with molecular simulation

results, the experimental methane adsorption data of Rexer et al. [82] and Zhang et al. [112] are

demonstrated. Rexer et al. [82] experimentally measured the sorption capabilities of bulk shale

and isolated kerogens for immature, oil window, and gas window mature samples of Lower Toarcian

Posidonia shale formation. The TOC of the samples range from 5.8-10.9 wt%. The kerogen densities

were measured using helium pycnometry and ranged from 1.024 to 1.368 gr/cm3. The geochemical

data have shown that Posidonia kerogen is of type II. Two samples of Poidonia kerogen isotherms

are used in Fig. 5.4. Kerogen types IIA and IID samples had vitrinite reflectance of 0.53 and 1.45%,

respectively. Methane isotherms were determined at 65◦C (or 338 K).

Zhang et al. [112] used samples from Eocene Green River Formation, Devonian–Mississippian Wood-

ford Shale and Upper Cretaceous Cameo coal to study the methane adsorption at a temperature

range of 35 to 65◦C. These formations have kerogen types of I, II, and III, respectively. In Fig. 5.4,

the isotherm results of Woodford shale are only shown; however, Cameo coal kerogen isotherms had

also a good match with our molecular simulation results. The Woodford shale sample had a vitrinite

reflectance of 0.58%, which is slightly higher than that for kerogen IIA in Rexer et al. [82].

The molecular simulation and experimental results are shown with hollow and solid markers, respec-

tively. The Langmuir isotherm is defined as,

q = qsat
Kp

1 +Kp
(5.1)

where q is absolute adsorption amount in mmol/gr, qsat is maximum adsorption amount, K is the
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equilibrium constant, and p is pressure. The Langmuir isotherm is fitted to our adsorption results

and plotted as solid lines in the same figure. The amount of adsorbed methane increases as pressure

increases for all maturities. At a specific pressure, as the maturity of kerogens increases, the amount

of adsorbed methane increases. Kerogen structures IID and IIIA have almost the same adsorbed

amount and highest among other kerogen maturities. The adsorbed amount at 140 atm for kerogens

type IID and IIIA are 1.25 and 1.28 mmol/gr TOC. The lowest adsorbed amount belongs to kerogen

type IIA where it reaches to a value of 0.99 mmol/gr TOC at 140 atm.

Figure 5.4: Adsorption isotherms of kerogens with different maturities along with experimental data
of Rexer et al. [82] and Zhang et al. [112]

Experimental results of Zhang et al. [112] and Rexer et al. [82] also demonstrate the same trend

for adsorption isotherms. For instance, kerogen type IID of Rexer et al. [82] has highest adsorbed

amount and are well matched with our molecular simulation results. On the other hand, Rexer

et al. [82] results for kerogen type IIA have lowest amount of adsorption where it reaches to 0.83

mmol/gr TOC. The Zhang et al. [112] result on kerogen type II is within the range of our molecular

simulation results and slightly higher than Rexer et al. [82] results. Furthermore, the adsorption

isotherms are very well fitted to Langmuir isotherms. The Langmuir constants of Equation 5.1

are demonstrated in Table 5.3. The equilibrium constants are very similar for all kerogen types.

However, the maximum adsorption amounts increases as kerogen becomes more mature.
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Table 5.3: The Langmuir constants for different kerogen maturities.

Kerogen type qsat, mmol/kg K, 1/atm Goodness of fit, %

IIA 1.729 0.0078 99.96

IIB 2.247 0.0075 99.96

IIC 2.236 0.0071 99.87

IID 2.404 0.0079 99.04

IIIA 2.269 0.0091 99.89

The adsorption isotherms demonstrated the validity of our 3D kerogen structures and make it

possible to study the transport phenomena in organic matters using created structures.

5.3.2 Multicomponent Diffusion

In transport of multicomponent gases, we are specifically interested in determining diffusion coeffi-

cients of methane as well as effect of presence of other components such as ethane, carbon dioxide,

and water. To do that, two mixtures, one containing water and one without water, are introduced

into kerogen structures with different maturities. The total number of molecules placed inside kero-

gen structure is 40. The composition of mixtures are shown in Table. 5.4. Methane is the major

component of mixture with 70 and 74% mole fractions in Mixture 1 and 2, respectively. Ethane,

water, and carbon dioxide each constitute 10 and 13% mole fraction of mixtures. The same species

are used for all kerogen structures and simulations are performed at a temperature of 350 K. In

order to model water molecules, extended simple point charge (SPC/E) water model [8, 20] are

employed. Methane and ethane molecules are modeled using OPLS-All atom force field [49]. The

density of kerogen structures with Mixture 1 inside are 1.05, 1.02, 1.04, 1.11, and 1.09 gr/cm3 for

kerogen types IIA, IIB, IIC, IID, and IIIA, respectively.

Table 5.4: Gas composition used for multicomponent diffusion.

Gas Mixture II Mole fraction, % Mixture II Mole fraction, %

CH4 70 74

CO2 10 13

C2H6 10 13

H2O 10 0
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EMD simulations are performed and the Onsager diffusion coefficients are calculated using Equa-

tion. 4.4. The matrix of Onsager coefficients are plotted in Figs. 5.5, 5.6, 5.7, 5.8, and 5.9. The

diagonal terms are also plotted in Fig. 5.10. Among diagonal diffusion terms, the diffusion coeffi-

cients for methane are one order of magnitude higher than those for other species in both mixtures.

This is due to fact that the combination of higher adsorption strength and higher diffusion coeffi-

cients are rare [65], and therefore, since methane has lowest adsorption capability compared with

other three components and therefore its Onsager diffusion coefficient (LCH4−CH4) is highest among

other gases. Onsager diffusion coefficients for methane are between 1.38 to 3.8×10−9 m2/s for dif-

ferent kerogen types. Among other three gases, ethane has the highest diffusion coefficients and

water shows lowest Onsager coefficients. The high adsorption capability of water is due to induced

polarity of the surface functionalization that causes water molecules to be preferably be adsorbed

to the surface of the pore over other species. Therefore, it causes the diffusion coefficients of water

to be the lowest.

The off-diagonal diffusion coefficients are in the orders of magnitude as those of CO2, C2H6, and

H2O. There is no clear trend between the diagonal and off-diagonal terms as far as the kerogen

becomes more mature. However, the off-diagonal diffusion coefficients of methane and any other

species are highest compared with the other off-diagonal coefficients. The diffusion coefficients of

hydrocarbons also reduces as the number of carbons in alkane chain increases.

The Onsager diffusion coefficients of all gases are higher Mixture I (containing water) compared

to Mixture II (without water). Once water molecules are removed from pore space, the vacant

adsorption sites become available for other species to be adsorbed. The vacant sites will be preferably

filled by carbon dioxide molecules as it has higher adsorption capability compared to alkanes. It can

be observed that the Onsager diffusion coefficients for carbon dioxide are lowest in Mixture II. The

Onsager diffusion coefficients of other two alkanes (methane and ethane) are reduced in Mixture II

compared with Mixture I as more adsorption sites are available in absence water.

98



(a) Mixture containing water (b) Mixture without water

Figure 5.5: Matrices of Onsager coefficients for kerogen type IIA for both mixtures.

(a) Mixture containing water (b) Mixture without water

Figure 5.6: Matrices of Onsager coefficients for kerogen type IIB for both mixtures.
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(a) Mixture containing water (b) Mixture without water

Figure 5.7: Matrices of Onsager coefficients for kerogen type IIC for both mixtures.

(a) Mixture containing water (b) Mixture without water

Figure 5.8: Matrices of Onsager coefficients for kerogen type IID for both mixtures.
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(a) Mixture containing water (b) Mixture without water

Figure 5.9: Matrices of Onsager coefficients for kerogen type IIIA for both mixtures.

Figure 5.10: The diagonal components of Onsager matrix of diffusion coefficients determined using
EMD simulations.

5.3.3 Significance of Multicomponent Diffusion

In order to better understand the significance of diagonal and off-diagonal Onsager diffusion co-

efficients, a simple numerical simulation is performed. We assumed that the numerical domain

contains only kerogen type IIC. The schematic of the domain and its boundaries are demonstrated

in Fig. 5.11. The domain is assumed to be 5 by 5 mm. Three different boundaries are considered at

corners of 2D square domain (∂Ω1i, ∂Ω1j , and ∂Ω2). Different concentrations are considered for the

hydrocarbons (methane and ethane) at ∂Ω1i and ∂Ω1j boundaries while no concentration gradients

are assumed for other two components (water and carbon dioxide). No flow boundary condition is
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assumed for all species at ∂Ω2. The goal of simulations is to investigate the diffusion of two species

that do not have any concentration gradients. The concentration gradients of methane and ethane

are in opposite directions and therefore a counter diffusion is expected to be observed for these two

species.

Figure 5.11: Schematic of simulation setup.

The diffusion equation needs to be solved is,

∂(cxi)

∂t
+∇.Ji = 0 (5.2)

where,

Ji = −c

n−1∑
j=1

Dij∇xj

 (5.3)

and the boundary conditions,

∂Ω1i :



xCH4 = 0.72

xC2H6 = 0.08

xCO2
= 0.1

xH2O = 0.1

(5.4)
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∂Ω1j :



xCH4
= 0.68

xC2H6 = 0.12

xCO2 = 0.1

xH2O = 0.1

(5.5)

∂Ω2 : No Flow Boundary (5.6)

A 4% concentration gradients are considered for both methane and ethane while the concentration

of two other components are kept constant. Dij in Equation 5.3 is the matrix of Fickian diffusion

coefficients. The matrix of Onsager diffusion coefficients are determined from molecular simulations

in previous section. In this part, we use molecular simulations results for kerogen type IIC. The

Onsager diffusion coefficients are converted to those of Fickian ones using matrix of thermodynamic

factors as,



D11 D12 D13 D14

D21 D22 D23 D24

D31 D32 D33 D34

D41 D42 D43 D44


=



Γ11 Γ12 Γ13 Γ14

Γ21 Γ22 Γ23 Γ24

Γ31 Γ32 Γ33 Γ34

Γ41 Γ42 Γ43 Γ44





L11 L12 L13 L14

L21 L22 L23 L24

L31 L32 L33 L34

L41 L42 L43 L44


(5.7)

where,

Lij =
Λij
cj

(5.8)

In the above equations, Λij is the Onsager diffusion coefficient, Γij is the thermodynamic factor,

and cj is concentration of component j.

The concentration gradients of methane and ethane are selected to be small such that a constant

thermodynamic factor and Onsager diffusion coefficients could be assumed. The result of methane

simulations are shown in Fig. 5.12. We can see that the methane diffuse from higher concentration

to lower concentration as expected. Similarly, for ethane, the gas diffuse from upper right corner of

core to lower left corner (higher to lower concentration). The interesting results comes from other

two gases that did not have any concentration gradients. While there are no concentration gradients

for carbon dioxide and water, diffusion of these two species can be observed. This diffusion is more

pronounced for carbon dioxide than for water. Their diffusion are due to cross-diffusivity coefficients
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(off-diagonal terms) of matrix of Fickian diffusion coefficients. This matrix for kerogen type IIC is

shown in Fig. 5.16. The Fickian diffusion matrix is not symmetric. The cross diffusivity coefficients

of methane with other species are also higher than other cross diffusivity coefficients.

Figure 5.12: Diffusion of methane at different simulation times.
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Figure 5.13: Diffusion of ethane at different simulation times.

Figure 5.14: Diffusion of carbon dioxide at different simulation times.
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Figure 5.15: Diffusion of water at different simulation times.

It is further observed that the directions of diffusion of carbon dioxide and water are along with

diffusion of methane. Therefore, the cross diffusivity coefficients of carbon dioxide with methane

which is highest among other cross diffusivities, cause carbon dioxide molecules diffusive from lower

left corner to upper right corner. Same is also true for water. However, since the diffusion coefficients

for water are smaller than those of carbon dioxide, smaller diffusion could be observed for water.

Figure 5.16: Fickian diffusion coefficients at initial conditions.
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Chapter 6

Conclusions

• Transport and adsorption of adsorbing and non-adsorbing gases are studied in organic nanopores

of shale by performing molecular simulations in both simplified kerogen (organic nanochannel

and nanotubes) and actual kerogen models (kerogen types IIA, IIB, IIC, IID, and IIIA).

• As the pressure increases, the amount of adsorbed gas molecules increases and tend to saturate

at high pressures for both simplified and actual kerogens. For argon and methane, the adsorbed

gas amount is higher compared to neon and helium. Excess adsorptions of argon and methane

show an optimum pressure below which the excess adsorption increases and above it, the excess

adsorption decreases.

• Plug-shaped velocity profiles are observed for all the gases and all the capillary sizes studied.

Based on the computed mass fluxes, it is shown that the Knudsen diffusion model underesti-

mates the molecular flux. This underestimation for flow of low adsorbing gases is less than that

of high adsorbing gases. The thermodynamic factor in smaller capillaries are higher because

molecules collide with capillary walls at higher rates compared with one another. Therefore,

the differences between the transport and corrected transport diffusivity values are smaller for

larger capillaries compared with those for smaller ones. It is found that less adsorptive gases

have higher self-diffusion coefficient where neon demonstrate highest self-diffusivity. Viscosity

of all gases reduces as pressure increases and saturates at high pressures. The viscosity of gases

in nanopores are lower than their nominal values. It was found that the viscosity models for

dilute gases under confinement are not good candidates to be used in organic nanopores due
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to adsorption of gases to pore surface. For adsorbing gases (with similar adsorbing properties)

in a capillary, similar viscosity values are observed for each Knudsen number. The conclusions

made in this study are drawn based on the MD simulation results in smooth structure-less

geometries. Transport and adsorption of fluids on geometries with rough surfaces are different

as follows.

• Multicomponent gas transport and adsorption in carbon-based organic channels with rough

surfaces are investigated by performing non-equilibrium molecular dynamics simulations for

two gas samples. Large portions of the heavier gas components are adsorbed to walls. Selectiv-

ity values of hexane, which is the heaviest gas component, compared to other gas components

are higher than 1, which shows that it has the highest adsorption tendency. Therefore, in a

organic nanopores of shale, the heavier components may remain in reservoir in adsorbed phase

while the lighter components are produced.

In contrary to previous studies on single component gases flow in carbon-based smooth con-

duits, plug-shaped velocity profiles are not observed and the gas molecules velocities near the

wall are smaller than other parts of channel. Lower velocities near the wall may be due to

presence of rough surfaces and components heavier than methane.

Pressure in the 4 nm channel is lower than that in the 2 nm channel. Furthermore, at the same

pressure gradient, the molecular flux values obtained in 4 nm channel is higher than those in

the 2 nm channel. The rate of increase of molecular flux with pressure gradient parameter is

higher for 4 nm channel.

The molecular flux of light composition sample is slightly higher than that of heavy composition

sample in the 2 nm channel due to its higher composition of light molecules. Therefore, the

heavier components reduce the molecular flux in the 2 nm channel, while their effect in the 4

nm channel is not significant. Furthermore, for both channels, diffusion coefficients decrease

as the number of carbon atoms in the alkane chain increases (components become heavier).

• Kerogen structures with different maturity were created. The adsorption isotherms matches

very well with experimental results. The Onsager diffusion coefficients of multicomponent

gas flow were studied and and it was shown that the hydrocarbons have highest diffusion

coefficients compared with water and carbon dioxide. The diffusion coefficients are also reduced

as the number of carbons in alkane chain increases. Furthermore, hydrocarbons as well as
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carbon dioxide have higher diffusion coefficients in presence of water compared with a mixture

containing no water.

• Carbon dioxide sequestration in organic nanopores of shale were investigated and binary ad-

sorption isotherms as well as Onsager diffusion coefficients were determined. The Onsager

diffusion coefficients determined from molecular simulations can be used in modeling carbon

dioxide sequestration of organic nanopores of shale. The most significant opportunity of em-

ploying MD simulations for obtaining gas diffusivity in organic nanopores lies in areas where

experiments for transport diffusivities are challenging. Measuring diffusivity at a wide range

of loadings in the pores at extreme conditions such as infinite dilute loading and/or saturation

loading is experimentally difficult. MD simulations can provide information about gas diffusion

in organic pores under these conditions. Getting diffusivity data as a function of gas pressure

is crucial to design carbon dioxide sequestration under a wide range of operating conditions.
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