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ABSTRACT:

We present a 3D model coupling a discrete element model and a pore network model specifically developed to
describe the different diffusion mechanisms at stake in coal matrix as well as the associated adsorption induced
deformations. The materialis assumed to be saturated with gas and diffusion occurs through the combination of
Knudsen diffusion within the pore space, surface diffusion atthe solid surface,and adsorption-desorption at the
pore-solid interface. The modelis hydro-mechanically coupled in the sense that changesin pore pressure produce
hydrostatic forces that deform the solid skeleton, while deformation of the pore space induces pore pressure
changes that promote interpore flow. Sorption induced deformations are taken into account by considering an
additional pressure term related to the concentration of gas within the medium (the so-called solvation pressure).
The implemented transport models are verified againstanalyticalsolutions describing diffusion in porous media
with and without sorption-desorption, and a comparison is made with a swelling experiment performed on a coal
specimen to illustrate the relevance of the proposed approach fordescribing adsorption induced deformation. As

a result, this new pore-scale model offers a precise way to assess coal matrix sorption induced deformation and

contributes to the knowledge of CBM storage and transport processes.

Keywords: coal, gas transport, sorption, DEM, PNM, solvation pressure.



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

1 Introduction

Coalbed methane (CBM), also known ascoal seam gas (CSG), hasdrawn much attention lately asan alternative
energy resource. Production curves of CBM reservoirs are very different, however, from the ones of hydrocarbon
conventional reservoirs (Liu etal.,, 2011). As emphasized by several studies (Li et al., 2017; Mostaghimi et al.,
2017,2016; Privalov et al., 2020; Wanget al., 2018), transport and poromechanical properties of coalare strongly

driven by topological and morphological features of its pore space.

Coalis fractured by nature; it is a dual porosity/permeability system made up of a porous matrix surrounded by
fractures known as cleats (Figure 1, scale I1). The orientation of this quasi-orthogonal cleat network including
tensile fractures or face cleats, and compressive and strike-slip fractures or butt cleats, depends on the principal
stress’ directions (Laubach etal., 1998) and provides preferential pathways forfluid flow with fracture apertures
up to 100 microns. In contrast, methane gas s stored within the low porosity coal matrix with pore sizes generally

varying from a few to several dozens of nanometers (Liet al., 2017; Wanget al., 2018).

The cleat-matrix system compartmentalizes the transport and mechanical properties of coal. Knudsen and surface
diffusions prevail in the nanometer-sized pores of the matrix, while molecular diffusion and two-phase Darcy
flow occur mainly within the cleat network. All these transport mechanismsinduce mechanicalcouplings related
to both (i) the pore pressure changes which may alter the effective stressand consequently impact the bulk volume
of the coaland, (ii) the sorption processes which contribute to swell or shrink the coal matrix (Pini etal., 2009;
Wang et al., 2011). Indeed, coal can sorb various gases including CO2, CHsand N2, and the adsorption of these
gases induces swelling strains (Ceglarska-Stefanska and Czaplinski, 1993; Ceglarska-Stefanska and Zargbska,
2002; Panand Connell, 2007). The magnitude of adsorption-induced deformation depends on the pores structure
aswell ason the nature of the gas adsorbed. It is well known for instance that the swelling is much higher with
CO2 than with CH4 (Brochard et al., 2012), hence advocating the development of enhanced coal bed methane

(ECBM) technology combining CBM recovery and CO2 sequestration.

If many experimental studies have attempted to accurately determine this volumetric deformation rate (Majewska
et al, 2010) and have given precious insights into the changes in pore size distribution during
adsorption/desorption processes, they did not completely succeed to capture the dynamics of mass transferwithin

the cleat-matrix system since measurements are generally carried out at equilibrium (Wang et al., 2018). Also,
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coal measurements are strongly affected by sample preparation, material composition, environment, and

methodology (Mostaghimiet al., 2017).

The inherent couplings between the physical processes at stake and the multiscale features of coal need to be
explored furtherto better assess the macroscopic response of the coal matrix and the sorption induced volumetric
deformation. If pioneering works (see for instance the review by (Liu et al., 2011)) have focused on permeability
models using continuum (Connell, 2016; Guo et al., 2016) or dual-porosity approaches (Bertrand etal., 2017; Ma
etal, 2017; Perrier et al., 2018; Wu et al., 2010), much attention hasbeen paid in the last years to study the hydro-
mechanical (HM) behavior of coal matrix atthe pore-scale. For instance, Liu et al. (Liu and Mostaghimi, 2017)
have derived a model based on the lattice Boltzmann method taking into account fluid-rock interactions with
permeability and porosity variationsto investigate the reactive transport of CO»-saturated brine in coal fractures.
Youjun and Vafai, (Youjun and Vafai, 2017) have simulated fluid flow in pores using a digital SEM image of a
coal rock sample. More recently, Sampathetal. (Sampathetal., 2020) have developed a HM model taking into
account CO, diffusion and adsorption-induced mechanical deformation in coal matrix. To the best of our
knowledge, however, a coupled HM model that incorporates the different transport mechanisms combining the
diversity of nanoscale processes with the complexity of pore network topology has never been derived for coal

matrix.

In this work, we propose a 3D pore-scale modelfor coal matrix based ona pore network model (PNM) describing
gas transport coupled to a discrete element model (DEM) describing the mechanicalbehavior. The modelis based
on the framework of the pore scale finite volume (PFV) scheme implemented in the open-source platform YADE
DEM (Smilauer et al., 2015). The DEM-PFV coupled approach was initially designed for upscaling fluid flow in
granular materials (Chareyre et al., 2012) and hasbeen afterward used to describe hydro-mechanical processes in
bothsoils (Catalanoetal., 2014; Scholtes et al., 2015) and rocks (Papachristoset al., 2017). Lately, Caulk et al.
(Caulk et al., 2020) extended its capability by incorporating heat transfer to the scheme and the associated
possibility to describe thermo-hydro-mechanical processes. Here, we go further by introducing masstransport and

sorption induced deformation processes to its formulation.

In summary, the equationsgoverning the transportand HM schemes are first presented and derived accordingly

to the geometric and numerical characteristics of the proposed model. Then, a validation exercise is provided

3
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where each component of the transport modelischallenged against analytical solutions of Fick’s law considering
either pore-pore, pore-particle or particle-particle diffusion mechanisms.Finally, the coupled HM modelis used

to simulate an experiment from the literature where a coal sample experience swelling due to gas adsorption.

|. Scale of coal-bed formation Il. Scale of coal cleat network

100 um

Ill. Scale of coal matrix

water
@® free methane

adsorbed methane

Figure 1 Different scales of a coalbed reservoir.
2 Methodology

The porous coal matrix is modeled based on the assumption that the solid phase is made up of densely packed
spherical particles bonded one with another, and the pore space idealized as a network of interconnected pores.
The following sections detail the mechanical and transport models, the assumptions made and their respective

implementation in YADE DEM.
2.1 Mechanical scheme

The DEM is a numerical method that models geomaterials asassemblies of particles interacting one with another
accordingto predefined contact lawsas initially proposed by Cundalland Strack (Cundalland Strack,1979). Each

particle is defined through its own mass, size and position. The numerical schemerelies on aniterative temporal
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integration of Newton’s second law of motion to describe the movement of each particle dependingon the forces
they are subjected to. To model coal, we use spherical particles and define elastic-brittle-force displacement laws
between the particles, as proposed in the bonded particle model (BPM) introduced by (Scholtés and Donzé, 2013)
tosimulate rock like materials. The interaction force F between two particles a and b is decomposed into a normal

and a shear component.

The normal force is computed as:
E, = k,AD )
where AD is the relative displacement between a and b, and k,, is the normal stiffness defined by:

ky = Epq 22 0)

€4 R +Rp

with E,, an elastic modulus, and R, and R, the radii of a and b respectively. In compression, F, can increase
indefinitely. In tension, a maximum acceptable force is defined as a function of the interparticle tensile strength ¢

SUCh aS Fy jax = € Age, With Ay = wlmin(Ry, R)D1% 1 E, = F, 114y, tensile rupture occurs.
The shear force is computed incrementally such as:
Fs = {P;}updated + ks Aus (3)

with k. the shear stiffness defined as k, = Pk, with 0 < P < 1, and Au, the relative incremental tangential
displacement. F; canincrease up to a threshold value defined by a Mohr-Coulomb type criterion suchask, ,,,,, =
¢ +E, tan(¢) , with ¢ the interparticle cohesion, and ¢ the interparticle friction angle. If F, > F, .., shearrupture

occurs.

In addition, the integration of the equations of motion being done through an explicit finite difference scheme,a

local non viscous dampingis used to dissipate Kinetic energy and to ease the convergence of the simulated system

toward quasi-static equilibrium (see (Duriez et al., 2016) for details). Basically, the resultant force F = F, +

F; considered in Newton’s second law of motion is damped by a force T defined as:
=3 . 2 (5, AT 2
Fd = —qa sign (ZF.(U+TQ)>ZF 4)

with a a dampingcoefficient (0 < a < 1), ¥ and @ the velocity and acceleration of the particle respectively, and

At™ the mechanical time step.

5
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2.2 Masstransport model

The diffusion of gas molecules within coalis rather complex due to the multi-scale architecture of the material,
with pore sizes varying over several orders of magnitude (Jing et al., 2017). Theory of gas transport in porous
media has a long history from the simple Fick’s law for binary systems, to the Stefan-Maxwell equations for
multicomponent mixtures and ultimately, the Dusty-Gas Model, based on the Chapman-Enskog kinetic theory
and including the couplings between the various mechanisms (Reinecke and Sleep, 2002; Thorstenson and
Pollock, 1989). Indeed, different transport modes manifest and drive gas migration in nanoporous media,

depending on the pore size and on the flow regime (Do, 1998):

@) Viscous flow in which displacement of molecules is induced by the mean velocity and governed by
the total pressure gradient which acts as driving force.

(i) Molecular or continuum diffusion where molecular-molecular collision prevails. Inthe gas mixture,
each species moves relative to each other, and the driving force is the molar fraction gradient foran
isothermal system.

(iif) Knudsen diffusion in which molecule-wall collisions dominate compared to collisions between
molecules. Contrarily to molecular diffusion, each species moves independently from each other.
The driving force here is the partial pressure gradient, which reduces to the total pressure gradient
for a single species gas flow.

(iv) Surface diffusion in which adsorbed molecules moves along solid surface (pore walls) from one

adsorption site to another (Choi et al., 2001).

These different transport mechanisms may compete and combine in a complex way. The relative magnitude of
collisions between molecules relative to collisions between moleculesand walls (molecular vs Knudsen diffusion)
is classically expressed through the dimensionless Knudsen number Ki, defined as the ratio between the molecular
mean free path length N which is a function of pore pressure, and the mean pore diameter d. For nanoporous
material such as coal, and at low pore pressures, K, > 1 typically, meaning that Knudsen diffusion generally

prevails.

In the present study, we assume that water was previously expelled from coal matrix (residual water is expected
to be trapped in the smallest pores that do not participate to flow) so that single-phase gas flow occurs within the
pore network. The gaseous mixture is only composed of methane (an ideal gas assumption is employed) and a

6
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part of gas is sorbed on the coal solid phase. Due to the very low permeability of the matrix and considering

single-species gas phase, only Knudsen and surface diffusions are thus considered (Figure 2a).

Knudsen

Sorption/

desorption

Sorption /
desorption

surface
stress

(a) (b)
—> Knudsen diffusion —) surface diffusion sorption/desorption
=3 solvation pressure induced stress =) pore pressure induced stress

Figure 2 Mass transport and associated diffusion mechanisms in a) coal matrix, b) DEM-PFV model.

The DEM-PFV approach discretizes the pore space of the particle assembly into tetrahedra built from a weighted
Delaunay triangulation of the particles’ centers (Figure 2b). Each tetrahedron contains both a solid fraction
resulting from the intersection between the tetrahedron and the associated vertex spheres,and a fluid fraction (the
pore) resulting from the remainder of the tetrahedron volume. Each pore is thus connected to 4 neighboring pores

and is in contact with 4 particles through surface areas where mass transport occurs by diffusion.

2.21  Massbalance equation for pores

Gas molecules are transported from one pore to anotherand are adsorbed/desorbed from andto the solid particles.

Let V; be the volume of a pore i saturated with fluid (gas). Integrating the continuity equation in pore i gives:

ac; = =
Jy, SV + Sy VlporedV =0 ®)

where c; is the concentration of gas in pore i, and J,,,,; represents the gas fluxes comingin and out of pore i.

Applying the divergence theorem to Equation (5) gives:

dc = _
Jy 52V + Jay TporedS =0 6)

Since each pore i is connected to 4 neighboring pores and in contact with 4 particles, the contoursurface of each

pore can be calculated as:
7
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an = ?=1 anore,L’—pore,j + Zizl anore,i—particle,k = Z;%zlsij + ZizlAik ()
with S;; and A;, the intersection surface areas between pore i and pore j, and between pore i and particle k

respectively.

Inour modeling approach, Knudsen diffusion describes the pore-pore diffusion fluxes and adsorption/desorption

describes the pore-particle diffusion fluxes (Figure 2). Equation (7) can then be written as follows:

Iy

g¢ci FK = rad —
[otdv = -3i, fsi,- Jh.nds = Xk, [, Jh&ndS )

where ]’5 is the Knudsen diffusion flux between pore i and pore j, and J#4 is the adsorption/desorption flux

between pore i and particle k.
2.21.1 Knudsen diffusion

For a single-species phase flow along a straight circular capillary tube, the Knudsen diffusion flux can be defined

as (Do, 1998):

J¥ = -DXVc 9)
J¥ = DK —p
RT

with p = cRT the gas pressure, R the gas constant (j/mol/k) and T the absolute temperature (K). The Knudsen

diffusion coefficient DX (m2/s) is given by:

pk — 2L |8RT (10)

3 nMg
with r the pore hydraulic radius, and M, the molar mass (kg/m3).

The Knudsen flux may thus be written in terms of concentration between pore i and pore j such as:

74 2r 8RT =
Jy ==l Vel
3 /Mg

1)

with r computed as proposed by (Chareyre et al., 2012) in the PFV scheme. Then the spatial integration of

Equation (11) between pores i and j gives:
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where L;; is the distance between the centers of pore i and pore j.

2.2.1.2 Sorption

Sorption generally refers to the transport and attachment of a solute to the surface of a solid phase. Sorption
processes are usually investigated at equilibrium through isotherms that relate the amount of adsorbed solute to
the bulk concentration at constant temperature. In our modeling approach, we define kinetics formulations

balancing the relative rates of adsorption and desorption (Raoof et al., 2012).
» Linear first order sorption

Linear sorption is characterized by an infinite number of sites on the particles’ surfaces. As a result, solid particles

can adsorb an infinite number of gas molecules according to the following relation:
as
Pyl (Kaet€ — KaerS) (13)

where s (mol/m?) is theamount of solute adsorbed onto the solid phase surface, ¢ (mol/m?) is the concentration

of solute in the mobile phase (gas), K, and K,,, are respectively the adsorption and desorption coefficients

defining the rate of adsorption/desorption, and t is the time (s). At equilibrium we recover the linear relationship:

Katt

K, =
d .
Kdet

Kawe o K,;.c (14)

a
where = = 0 then s =
at det

» Langmuir sorption

If adsorption is limited by the number of sites on the solid surface (Liu et al., 2019), the following nonlinear

relation can be used:

a
== LKalet: - (1 - %) KateC (15)

ot Smax max

where the sorption is proportional to the numberof available sites (1 — SL), Smax 0€INg the maximum amount
max

of sorbed concentration. At equilibrium, we recover:
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® = 0, then % = fac (16)

In our model, the diffusion fluxes between pores and particles can thus be described either by the linear relation
of Equation (13) or by the nonlinear relation (Langmuir isotherm) of Equation (15). For instance, the spatial
integration of the pore-particle diffusion flux between pore i and particle k in the case where it is governed by the

Langmuir isotherm is defined as:

t t

f ]_ .ndS _;[Kdet k__ (1 e )Kattci] X a7)

Sk-max Skmax

where s, (mol/m3) is the solute concentration adsorbed on the surface of particle k, 4, is the overall surface of

particle k, and V, is the volume of particle k.

Finally, considering both sorption Equation (17) and Knudsen diffusion Equation (12), the evolution of each pore

concentration is obtained by an explicit integration over time such as:

Sii 8RT
Aties + Xk 1“’ (J

cHAt + ¢t (18)

t+at _ y4 VpAik Sk t
Ci = L= 1V " [(1 3 Kate€i — Kaet
f k,max

Skomax

ad
with Atdes and At¥ the associated time steps.

2.2.2  Mass balance equation for particles

The amount of gasmoleculesadsorbed on the solid particles results from the transport of gas molecules both from
neighboring solid particles and from pores (Figure 2b). Particle-particle flux occurs by surface diffusion, while

pore-particle flux results from adsorption/desorption process. Let V, be the volume of a particle k. Integrating the

mass balance equation on particle k gives:
d - -
fp =k av + pr V. ]particle,k av =0 (19)

where s, is the adsorbed concentration on particle k, and [, qr¢ic1e  represents the gas fluxes comingin and out of

particle k.

Applying the divergence theorem to Equation (19) gives:

10
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a - _
fV ﬂdv + fayp ]particle,k'nds =0 (20)

p ot

Since each particle is connected to N particles (N depends on the spatial arrangement of the particles within the

medium), and to 4 pores, the contour surface of each particle can be calculated as:
an = Z{V:lanarticle,k—particle,l + Z?:1anarticle,k—pore,i = Z?Izlgkl + z:;lzlAik (21)

where S}, is the intersection surface area between particle k and particle [, and 4,; is the intersection surface area

between particle k and pore i (Figure 2b).

Equation (21) can then be written as follows:

0! S — Fad=
Jy, 2Eav = =X, fg, Thnds =Xt J, Jatnds (22)

where J3, is the surface diffusion flux between particle k and particle I, and J&%s the adsorption/desorption flux
between particle k and pore i.

2.2.2.1 Surface diffusion

Particle-particle fluxis governed by surface diffusion in which gas molecules are transported from the surface of
a grain to the surface of a neighboring grain. In essence, molecules jump from an adsorption site to another

adsorption site. The diffusive flux is thus driven by the gradient of sorbed concentration between and within

particles and the surface diffusion flux can be expressed as:
J* =-D5Vs (23)

The surface diffusion coefficient DS is known to be a function of temperature following the Arrhenius equation

and strongly dependson the surface loading (Do, 1998). For sake of simplicity, however, it will be kept constant

hereafter.

The spatial integration of the diffusive flux between particles k and I is defined as:

e _ DSs
fskl],fl.ndS =— eL—kl’" (sf —sf) (24)

where S, is the intersection surface area between particle k and particle | computed hereasS,; = 4n 7, Ly, isthe

distance between the centers of particle k and particle I, r; and 1, are the radiuses of particle k and particle [ ,

11
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and @ is a scaling parameterenablingto constrain the transport properties of the simulated medium depending on
the structural characteristics of the particle assembly (6 is related to the particle connectivity which is a function

of the particle size distribution of the packing as well of its porosity).

2.2.2.2 Sorption

Particle-pore diffusion processes are governed by the same mechanisms than pore-particle diffusion processes

(see Equation (17)).

Finally, combining both sorption Equation (17) and surface diffusion Equation (24), the evolution of each particle

concentration is obtained by an explicit integration over time such as:

t+At 4 Aik Sk t Sk ad
sptht = [(1 - )chi — Kger Atdes + X7, 6
Sk-max

i=1
Ak Sk, max

S
L; fkl (st —sf)At* +sf (25)
p “kl

ad
with Atdes and AtS® the associated time steps.

2.3 Hydro-mechanical coupling

The hydraulic forces actingon a solid particle immersed in a fluid result from both the pressure and viscous stress
acting on its surface (Chareyre et al., 2012). In coal matrix with nanometer pores, pore velocities are very low
(they are actually neglected in the mass transport model) and hence are the viscous stress forces. We thus only
consider the contribution of the normal pressure forces which result from pressure losses within the pore space as

follows:

Fﬂ‘) = A{'cj (Pi - Pj)n_lf (26)
where p; — p; represents the pressure difference between pore i and pore j, A{-‘j is the intersection surface area
between particle k and the pore throat between pore i and pore j, 7, is the unit vector pointing from pore i to pore
j. As shown in (Catalanoetal.,2014)and in (Scholtés etal., 2015), the HM coupling resulting from Equation (26)

enables the DEM-PFV model to simulate conventional poromechanical behaviors as described by Biot’s theory

(Biot, 1941).
The classical Biot’s theory states that the mechanical behavior of a porous medium depends on the bulk fluid

pressure only (p;) without considering its detailed composition. This means that two pore fluids with different

compositions havingthe same bulk pressure should produce the same volumetric deformation. Thisis not verified
12
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forswelling materials like coalwhich shows different deformation amplitudes dependingon the nature of the pore
fluid (Ottiger et al., 2008). It is now well known thatthe deformation of coal is not solely governed by the pore
bulk pressure: asfor all swelling materials, sorption processes induce additional deformation related to the nature
of the sorbed molecules (Brochard etal., 2012). Gasmolecules get adsorbed at the surfaceof the poresand induces
a surface excess free energy. An additional interfacial force is thus exerted and resulting stress develops within
the porous medium. Different approaches were proposed to introduce these nanoscale features into an extended
poromechanicalequation to explain the sorption-induced deformations from a continuum description. First works
have introduced the so-called solvation pressure to describe swelling since in confined pores, pressure is not
anymorea scalar (Gor and Neimark, 2010; Kowalczyk et al., 2008; Ustinov and Do, 2006; Yanget al., 2010). A
second class of models, based on an energy balance approach, rrelates the changes in surface potential energy
due to gas adsorption to the elastic energy (“Dilatation of Porous Glass - SCHERER - 1986 - Journal of the
American Ceramic Society - Wiley Online Library,” n.d.; Dolino et al., 1996; Grosman and Ortega, 2008; Pan
and Connell, 2007). Other researchers also have reformulated the poroelastic constitutive equations by introducing
anapparentporosity and an interaction free energy that are both related to the Gibbs adsorption isotherm (Mushrif
and Rey, 2009; Perrier et al., 2018; Pijaudier-Cabot et al., 2011; Sampath et al., 2020; Vermorel and Pijaudier-
Cabot, 2014). In contrast, Vandamme and co-workers (Brochard et al., 2012; Espinoza et al., 2014, 2013;

Nikoosokhan et al., 2014) have made use of the bulk pressure and of the swelling strain to express the sorbed

amount or the adsorption-induced pressure.

In the present work, the sorption-induced deformations are interpreted in terms of the solvation pressure or

adsorption pressure p,, thatis related to the amount of gasmolecules attached to the solid skeleton. Specifically,
the total pore pressure in each pore i is equalto the sum of the bulk fluid pressure p, and of the solvation pressure

ps such as:

Py =Dt Dis (27)

with p; » and p; ; defined as follows:
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Aj kX '§
Drs= Do P (28)

Ak
pi,f == ClRT (29)

where the solvation pressure related to the amount of gas molecules attached to the particle k is denoted pX and

computed as
p¥ = as,RT (30)

Ay, is the intersection surface area between particle k and pore i, and a is a coupling coefficient. Hereafter, « is

fixed constant but it is not necessarily the case (Brochard et al., 2012).

Although the solvation pressure is dependent of the adsorbed amountona grain and hence should be specific to
a given particle, it is also a pressure which is summed up with the bulk pressure specific to a pore. To further
explain how this additionalpressure term is calculated within the pore space, we illustrate in Figure 3 the different

situations that can be encountered:

e Case 1: for connected pores (belonging to the connected porosity which will be further discussed in
Section 3), we compute a contact surface weighted average solvation pressure foreach particle in contact
with pore i, and the fluid pressure value dependson the gas pressure gradient within the percolating pore

space.

e Case 2: forisolated pores (belonging to the unconnected porosity), the fluid pressure and the solvation
pressure are fixed to zero resulting in a zero-total pore pressure. These pores also have no contribution

on the fluxes related to the surrounding pores and particles.
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Figure 3 2D representation of pore pressure distribution within the pores of the DEM-PFV

model: distinction between connected pores and unconnected pores

3 Model implementation

3.1  Scaling strategy

If the interparticle properties presented in Section 2.1 can be calibrated so that the emergent mechanical properties
of the DEM model match those of the material to model (see (Scholtés and Donzé, 2013) for details of the
procedure), the diffusion mechanismsat stakerequire some adjustments of the transport model. For instance, coal
matrix hasa porosity thatissignificantly smaller than the porosity of an assembly of spherical particles. Basically,

the pore space of the model is scaled so that the effective volume of fluid is V; .- equalto:
. L
Veerr = Vo, (31)
with n, the porosity of the spherical particle assembly, and n,, the porosity of the actual material.

Scaling the diffusive fluxes is actually sufficient to match the required porosity without changing the volume of
both the pore space and the solid phase in the discretized equations, resulting in a total mass balance that accurately

represents the material to model as follows:
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(32)

1-ny
For cells: Jers =]_§—T‘:l (33)
with J the non-scaled flux calculated accordingto the previous sections and J, ., the effective (“scaled”) diffusive
flux.

Inaddition, we also introduced a procedure to adjust the poromechanical response of our DEM-PFV model since
the Biot coefficientof a DEM assembly is intrinsically equalto 1 given the rigid particle assumption of the DEM
formulation. As a matter of fact, according to the poroelasticity theory (Detournay and Cheng, 1993), the
contribution of the pore pressure p to the overall deformation of porous media is defined through the effective

stress such as
c'=0—bp (34)

where ¢’ is the effective stress, o is the total stress, and b is the Biot coefficient equalto 1 —Kﬁ with K the bulk
S

modulus of the medium, and K, the bulk modulus of the solid phase. This effective stress produces volumetric

strain &, which, fora swelling material, presents an additional term of adsorption induced strain &, as follows:

e, = (0= bp) +e, (35)

where ¢ = ”"T" is the mean stress and & is defined such as:

~ I3

(36)

Instead of applying a global scaling factorto Equation (27), we introduced the possibility to neutralize a certain

amount of pores within the pore network so that the connected porosity of the particle assembly n, .. is equal to:
= bn, 37)

with b directly equal to the Biot coefficient of the material. The neutralized pores (unconnected porosity)
correspond to tetrahedra randomly chosen within the triangulated mesh where gas transport calculations are

simply not performed. These isolated pores thus participate to the overall deformability of the particle assembly
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Figure 4 Illustration of the connected porosity nac and of its effect on the Biot coefficient, Equation (37): a) Volumetricdeformation
as a function of pore pressure increase and b c,d) pressure distribution at equilibrium (pce=12.5 MPa) in numerical samples with

different pre-defined Biot coefficients (the connected pores are in red and the isolated pores in blue).

3.2 Numerical stability

Numerical stability needs to be considered in every explicit numerical schemeas any effect can only movebya

maximum of one spatialgrid block in one time step. For instance, in the general case of a 2D diffusion problem,

the explicit discretization reads:

t+At t t t t
e D Uiy “2Ui+ U4 (38)
At Ax?

where D is the diffusion coefficient. Solving Equation (38) for u+4¢ leads to:
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uttAt =yl + (1 —2nut +ruf_, (39)

with r = DAATt2 the Fourier Number. Applying the Von Neumann stability analysis, the FTCS (Forward Time

Centered Space) method is satisfied only if the following condition is fulfilled:
2
r <2 then At < = (40)
2 2D

Inour model, in addition to the mechanicaltime step thatgovernsthe solid particles motion, three-time steps exist
due to the three different types of transport mechanismsoccurring respectively between pore-pore, pore-particle

and particle-particle. To ensure the stability of the numerical scheme, the simulation time step At is set up equal
ad_
toa fraction of the minimum time step At,,,;, = min (At”", AtX, Atdes, AtSd) required to ensure the stability of the

numerical scheme (in all our simulations, the time step was defined equal to 0.8 At,,;,,).

4 Verification of the transport models

To verify the correct implementation of the transport equations in our DEM-PFV model, we compared its
predictions to analyticalsolutions of Fick’s law considering different 1D problems. For that purpose, we built up
a pseudo 1D numerical assembly with dimensions equalto Lo x 0.2Lo X 0.2Lo m, made up of 1,000 particles with
radii varying between 7.1 and 13 mm, and 5,500 cells. In all the verification examples presented below, HM
couplings were not considered, and the simulated medium was non deformable (the mechanical scheme was
turned off and the particles fixed in space and time). In the present section and for the sake of comparison, all
results and variableswill be presented dimensionless. The x-coordinate, the Knudsen diffusion coefficient DX and
the concentration ¢ are normalized respectively by the sample length Lo, the gas diffusion coefficient Do and the
inlet concentration co. The dimensionless time is defined as t = Dto /L2 where to is the physical time. Similar
normalization holds forthe sorbed concentration sand the surface diffusion coefficient D°. The different test cases

with the corresponding parametervaluesused in the simulationsand analyticalsolutions are gathered in Table 1.

Table 1.

Numerical parameters of the different verification test cases.
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Parameter Test case 1 Test case 2 Test case 3

n 0.45 0.47 0.45
Dimensionless
time step A¢ 9e-7 9e-6 9e-7
DX/ Do 1 - 1
D5/ Do - 1 -
0 - 1.12 -
Kd = Katt/Kdet - - 2
Katt - - 0.116
Kdet - - 0.058

391 4.1  Test case 1: Knudsen diffusion

392 First, we consider diffusion of non-sorbing species within a nanoporous material. Asa consequence, only Knudsen
393 diffusion occurs, and both sorption and surface diffusion may be neglected. The boundary value problem is thus

394 defined by the following initial and boundary conditions:

2
395 % _ pxZE wxelo,L,] (41)

ot ax?

c(x,0) = c,, Vx€[0,L,]

396 c(0,0) = c(Ly, D) = 0

397 Using Fourier series, the unsteady solution of this 1D diffusion problem can be written as follows:

pK
—costmm)\ . - (mm)?t
398 clx,t) = ;ﬁ=1i(m%) sin (ani)e nalf ° 42)

0

399 The numerical assembly, illustrated in Figure 5a,was subjected to the initial and boundary conditions defined in

400 Equation (41) and the simulation was run with the parameters presented in Table 1.

(@) (b)

0.6 1
cL,t) =0 05 |
[
0.4
[,.58
S 5 0.3
06T ©
€ £
04 8 § 02
et
c(0,t)=0 23

°
b

—— Analytical solution
Numerical solution

o
=)

0.0 0.2 0.4 0.6 0.8 1.0
401 Dimensionless Length
402 Figure 5 a) Concentration distribution in pores at t=0.04. b) Numerical and analytical concentration profiles in pores at different times.
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As shown in Figure 5b, the concentration distribution in the numerical model matches perfectly the analytical

solution in space and time, confirming the accuracy of the numerical scheme for simulating Knudsen diffusion.

4.2  Test case 2: surface diffusion

The second test case assumesthat the gaseousspecies is now irreversibly adsorbed and may only diffuse through

the solid grains. Surface diffusion is thusconsidered as the only effective transport mechanism and the problem

is defined by the following initial and boundary conditions:

ds 82s

—=D%—, vx€el0,L

ot = D gxr Wxelokl

s(x,0) =5, Vxe€l[0,L] 43)

s(0,0) =s(Ly,t) = 0

This 1D diffusion problem is very similar to the first one and the analyticalsolution in terms of Fourier series can

be written as follows:

DS
—cos(mm) i —(—)(mn)zt
sCe,t) = YXo_ 2 (—1 Co; il )szn (mn Li) e \a-malf ° (44)

m=1n_ o

The numerical values used in the simulation are presented in Table 1. The parameter 8 was initially calibrated
since the number of contacts between particles depends on the packing characteristics (samples are generated
using a random packing procedure, considering a pre-defined size distribution). Figure 6a displays anexample of
the concentration field in the solid grains ata given time of the simulation, while a comparison of the numerical
solutions with averaged concentration profiles at differenttimes is provided in Figure 6b. As for test case 1, the
concentration distribution in the numerical model matches perfectly the analytical solution in space and time,

showing the correctness and reliability of our surface diffusion model and of its implementation.
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Figure 6 Concentrationdistribution in particlesat t = 0.04.b) Comparison of numerical and analytical concentration profiles in particles at

different times.

4.3  Test case 3: Knudsen diffusion with adsorption/desorption

For this test case, we consider diffusion of a sorbing species within a non-swelling porous material. Here, we used
a linear isotherm to describe the solute adsorption onto the solid grains (see Section 2.2.1.2) and surface diffusion
is neglected (no transport within the solid phase). The system is initially atthermodynamic equilibrium so that
partitioning between gas and solid phases is respected. The adsorption and desorption kinetics coefficients
K,.; and K., are chosen high enough so that the equilibrium state is verified at each time step. Based on these

assumptions, the 1D boundary value problem is defined as follows:

dc 5%c
_pk—_—
5 = D5 vxelo L]
s, t) = K, clx,t), vx € l0,L,] (45)

c(x,0) =cy;5(x,0) = Kyco, Vxe€ [0,L,]
c(0,8) = c(Ly,) = 0

and the transient analytical solution is given by:

DK

_ (=2 ) 2
clx,t) =25, i(lelﬂ) sin (mn f) e ("a(“"d)Lﬁ) e

(46)

The numerical parameters used for this test case are presented in Table 1.Figure 7a displays an example of the
concentration fields in both pores and grains obtained at a given time while a comparison of the numerical

solutions with averaged concentration profilesat differenttimesis provided in Figure 7b.Here again, a very good
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agreement between the numerical and analytical solutions is obtained. We may also observe that our kinetics
formulation convergeswell to the equilibrium since the partitioning between gas and solid grains, driven by K; =

2, is alwaysrespected. This comparison validates the coupling method between diffusion and sorption processes.
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Figure 7. a) Concentration distributionin particles and pores simulated numerically at t = 0.04. b) Comparison of numerical and analytical

concentration profiles in pores and particles at different times.

5  Hydro-mechanical behavior: comparison with a swelling experiment

To verify the implementation and validity of our HM scheme (Section 2.3), we compared the predictions of our
model to the experimental results of Day et al. (Day et al., 2008a) who performed a swelling experimenton a 30
x 10x 10 mm block of coalunderconfined conditions. The CO2-induced coalswelling was measured for different
values of CO2 pressure by optical method. The experiment performed at 55°C on the Australian bituminous coal
from the Bowen Basin (referred to as sample 3 in Dayet al. (Day et al., 2008a)and as QId8 in Day et al. (Day et
al., 2008b)) was used as reference. Note that the same data set (but at 40°C) was also used by (Sampath et al,,
2020) for model validation purpose but some discrepancies exist between our two investigations. Indeed, due to
the lack of experimental data available, a part of their numerical properties were obtained from another coal
experimentand they discarded the highest pressures of swelling experiment (higher than 12MPa) for comparison.
Inthe presentanalysis, we did our best to carry outa fair comparison by using the full range of experimental data
availableand a complete set of consistent physical properties for this coal. All the parametervaluesare gathered
in Table 2. Because the elastic properties and Biot coefficient were not provided either in (Day et al., 2008b,
2008a), we set the value of b based on the value used by Sampathetal. (Sampath etal.,2020). The Youngmodulus
E and the Poisson ratio » were chosen in order to reproduce the behavior observed by Day etal. (Day et al., 2008a)

with a non-sorbing gas (a volumetric contraction of 0.06% was reached at 15MPa of helium pressure). The s,
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valuewas inferred from the maximum sorption capacity of the coal Wo in the isotherm model calculated by Day
etal. (Day et al., 2008b) (68.4 kg of CO> per ton of rock forthe sample Qld 8). Finally, valuesof DX and DS were
taken from the literature (Dong et al., 2017) whereas Kar , Kdet were fixed arbitrarily. DS is fixed constant but DX
varies as a function of the pore radius, as expressed in Equation (10), around an average value found in the
literature (see Table 2). Note that the values chosen for these transport and kinetic parameters do not affect the

steady-state behavior and hence, the comparison we made which is based on equilibrium states.

5.1  Sample preparation

A 10 x 10 x 10 mm particle assembly made up of 10,000 particles was generated and the interparticle properties
calibrated following the approach proposed by Scholtés and Donzé (Scholtés and Donzé, 2013). The coalsample
is considered isotropic although, even for the matrix, this assumption may be questioned (Day et al., 2008a). The
calibration was done by performing uniaxial compression tests on the numerical sample following a trial and
errors approach to determine the adequate interparticle propertiesto match both Youngmodulus and Poisson ratio
of the coal. In addition, both the porosity and Biot coefficient of the numerical sample were defined to match

those of the tested coal by following the procedures presented in Section 3.1.
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Figure 8 Numerical set up for simulating the swelling experimentof Day et al. (2008): a) boundary pressures and resulting mean effective

stress, b) pore size distribution, c) particles size distribution.
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Table 2

Numerical parameters used to simulate the coal matrix experiment by Day et al. [57]. The star symbol denotes

the calibration parameters.

Parameters DEM-PFV model Sources
Young modulus E (GPa) * 4,550 computed from Day et al., 2008 (Day et al.,
2008a) (sample 3)
Poisson ratio v (-)* 0.225 computed from Day et al., 2008 (Day et al.,
2008a) (sample 3)
Temperature T (K) 328 Day et al., 2008 (Day et al., 2008a) (sample 3)
Gas constant R (J.mol1.K1) 8.314 N/A
Molar mass M, (g.mol?) 44.01 N/A
Bulk density (kg.m-3) 1220 Day et al., 2008 (Day et al., 2008b) (sample QId
8, Table 3)
Skeletal density (kg.m-3) 1303 Day et al., 2008 (Day et al., 2008b) (sample QId
8, Table 3)
Smax (MOL.M-3) 2025 Day et al., 2008 (Day et al., 2008b) (sample QId
8, Table 2)
Kd (mol.m-3) * 0.0017 -
Katt (s1) 17e-11 -
Kdet (mol.m-3. s1) le-7 -
D¥(x1012 m2s?) 3 Dong et al., 2017 (Dong et al., 2017) (Table 4)
DS(x1012 m2.s71) 30 Dong et al., 2017 (Dong et al., 2017) (Table 4)
Biot coefficient b (-) 0.8 Sampath et al., 2020 (Sampath et al., 2020)
(Table 2)
Coupling coefficient a (-) * 20.2 -
Porosity of assembly na (%) 32 N/A
Porosity of coal sample nm (%) 7.1 Day et al., 2008 (Day et al., 2008b) (sample Qld
8, Table 3)

5.2 Experimental procedure

Day et al. (Day et al., 2008a) measured the dimensional changes of a sample contained within a pressure cell
where CO> pressure was increased up to 15 MPa. In our experiment, the numerical sample is confined in between

6 frictionless boundary walls to controlthe confining pressure p.oy finement - 10 reproduce the swelling experiment
of Dayetal. (Day et al.,, 2008a), we imposed CO pressure both asboundary stress (p.op finement) @nd as boundary
pressure (pco2) on all the sample boundaries. p.oy, finement iS @djusted by displacing the boundary walls. During
the simulation, pgo, and Peonginemene Were increased stepwise from equilibrium states and the volumetric

deformation ¢, solvation pressure (p,), adsorbed amountof gas (s) and fluid pressure (p;) were recorded ateach

step (Figure 8a).

Since the Biot coefficientis lower than one, the effective stress varies ateach CO: injection pressure step. Day et

al. (Day et al., 2008a) however suggest thatthe mechanical compression caused by the pore pressure increase can
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be neglected (0.06% of contraction fornon-sorbing gas against 2% of swelling deformation with CO2 at 15Mpa).

In other words, Day et al. investigated throughout this experiment the influence of sorption-induced swelling on

the poromechanical behavior of the material without taking into consideration the effect of the fluid bulk pressure.

53

Parametric study

Before directly comparing the model results with the experimentalobservations, a parametric study is presented

to highlight the influence of the model parameters on the emergent behavior. The results are summarized in Figure

9 and the parameters roles assessed as follows:

25

The coupling term a controls the intensity of the solvation pressure p, (Equation (30), Figure 9b), hence
the amplitude of the associated deformation (Equation (35), Figure 9c). Thus, @ needs to be adjusted as
a function of the swelling potentialof the materialwith respect to the nature of the adsorbed fluid as, for
example, CO2 induces larger swelling than CH4in coal (Durucan etal., 2009). p, is directly proportional
to a (Figure 9b), giving the opportunity to set its value so as to match experimental evidence of swelling
foreach combination of materialand adsorbed fluid. One hasto note that @ does not influence the amount
of molecules that can be adsorbed on the solid phase (Figure 9a).

According to Equations (15) and (16), smaxdetermines the maximum amount of gas molecules that can
be adsorbed on the surfaces of the solid phase. Depending on the nature of the fluid-solid interaction at
play, smax must be adjusted because it also affects the solvation pressure and thus the volumetric
deformation (Figure 9d-e-f). In contrast, Kq controls the adsorption/desorption kinetics (Figure 9g-h-i)
without influencing the maximum amount of adsorbed gas molecules, hence leading to the same plateau
value for the adsorbed amount of gas molecules, solvation pressure and volumetric deformation.
Finally, the Biot coefficientb does not influence neither the amount of adsorbed gas molecules nor the

solvation pressure (Figure 9j-k) while it directly influences the volumetric deformation (Figure 9l), as

described by the poromechanical equation (Equation (35)).
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Figure 9 Evolution ofadsorbed amount of gas s (left), solvation pressure p, (middle) and volumetric deformation ¢, (right) versus pore

pressure p, for: (ab,c) different « values and fixed parameters (smax=1700, K4=0.0005, b=0.8), (d,e,f) different smax values and fixed

parameters (o =21, K4=0.0005, b=0.8), (g,h,i) different Ky values and fixed parameters (a =21, smax=1700, b=0.8), (j.k,l) different b values

and fixed parameters (o =21, K¢=0.0005, Snax=1700).
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5.4  Calibration procedure and comparison to the experiment of Day et al.
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Figure 10 Swelling experiment comparison ofthe DEM-PFV model predictions to the experiment of Day et al. (Day et al., 2008a):

evolutions of a) adsorbed amount of gas and, b) volumetric deformation as functions of the pore pressure.

The calibration of the model was done through the following procedure:

1. Determine the interparticle elastic properties (Eeq and P) through uniaxial or triaxial compression testing
(trial and error adjustments) to match both Young modulus E and Poisson ratio » of the material.
2. Setbequalto the measured value and scale the numerical sample connected porosity n, ..

3. Determine the experimental solvation pressure ps by using the extended poromechanical equations,

(Equations (35) and (36)) such that

K s,,+(a—bpf)

- (47)

bs =

E
3(1-29)

where K = is the bulk modulus and ¢ = G"T"is the mean stress and, from the value of s,,,,,

estimate a using the plateau value of ps.

4. Finally, calibrate Kq (trial and error adjustments) so that the numerical results fit with the experiments in

terms of solvation pressure or swelling deformation.

The numerical results presented in Figure 10 (referred to as the initial fit) match the experimental observations
for the following set of parameters: a = 20.02, Kg= 0.0017 mol.m-3 with the s,,,, value inferred from the
experiment (s,,,,= 2025 mol.m-3). The fit to experimental data point is not ideal yet. In their study, Day et al.
(Day et al., 2008b) have explored a pore filling isotherm model (Dubinin—Radushkevich model) which has been

foundto provide a better fit to experimentaladsorption data than the classical Langmuir model, especially athigh
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pressures, above 6 MPa. Acomparison between this isotherm modeland oursis shown in Figure 10a and confims
this observation. This discrepancy, inherent to the use of Langmuir isotherm model, is also observed when
comparingvolumetric deformationsin Figure 10b (anaverage error of 19% is found). Note that a betterfit can be
achieved when fitting also the s,,,, value. A second simulation, referred to as the best fit, where s,,,, = 2400
mol.m-3, Kqg= 0.0008 mol.m-3and & = 20.02 are shown in Figure 10a and Figure 10b. The error is thus reduced

to 2%.

Additional insights can be gained from numericalsimulations into the dynamics of mass transfer processes within
the coal material. Figure 11 shows the changesin averaged gasand sorbed concentrationswith time in the porous
sample between two successive constant pressure steps. The corresponding porosity variation is also exhibited.
As an illustrative example,we focused on the transientbehavior corresponding to an increase from 0 to 15 MPa
of CO» pressure. Results indicate that the gas diffuses first through the solid phase. As expected from diffusion
values of Table 2 and accordingly to the literature (Dong et al., 2017; Mathias et al., 2020), surface diffusion is
the predominant transport mechanism within coal matrix. This increase in sorbed concentration within the coal
sample results in swelling and hence, volumetric strain and porosity increase. Owing to the values used for Kat
and Kget, the desorption rate is not large enough and equilibrium is reached fasterin the solid phase thaninthegas
phase (Figure 11). As a consequence, swelling occurs before the pore pressure reaches its equilibrium state in

agreement with Sampath et al. results (Sampath et al., 2020).
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Figure 11. Evolution of porosity, fluid concentration and adsorbed amount of gas with time.

6 Conclusion

A new 3D pore-scale model forporous swelling materialsis proposed to investigate coalbed methane production.
In our model, a DEM model where the material is represented as an assembly of particles interacting one with
anotheraccordingto predefined contact laws is coupled to a PNM approach fordescribing transport mechanisms
between and within pores and solid grains. The material is assumed to be saturated with gas and various
mechanismsfor gas transportacross the coal matrix have been considered including Knudsen diffusion, surface
diffusion and sorption. Mechanicalcouplings inherent to such swelling materialsare also taken into account. The
model simulates both (i) the interplay between pore pressure and external stress with variations in the effective
stress which may impact the mechanicalbehavior of the medium and (ii) the sorption processes which contribute
to swell or shrink the material. This latter mechanism is considered through the addition of an additionalpressure

term, classically called the solvation pressure, related to the sorbed concentration.

The implementation of the model was tested against analyticalsolutions and compared to a swelling experiment.
The model was found to be robust and a suitable tool for describing adsorption induced deformation. This
comprehensive investigation reveals the complex physics at stake during methane adsorption and the numerical
results give precious insights onto the internal dynamics of gas within the coal matrix. In particular, simulations
revealthat coalmatrix swelling occurs before the pore pressure reaches its equilibrium state since surface diffusion
prevails. The present modelis thus capable to describe the strong coupling between transport, chemical (sorption)
and mechanical processes and can be used to predict methane recovery. Future work will focus on introducing
cleat network to assess the effect of cleat intensity and facilitate more comprehensive analysis on the permeability

changes at the coal rock mass scale.
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