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abandoned shale gas wells 

Yun Yang a,b, Shimin Liu a,*, Haoming Ma b 

a Department of Energy and Mineral Engineering, G3 Center and EMS Energy Institute, The Pennsylvania State University, University Park, PA 16802, USA 
b University of Calgary, Calgary, Alberta T2N 1N4, Canada   
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• Contributions of Knudsen diffusion, slip 
and viscous flow to total mass transfer 
strongly depend on shale matrix 
pressure. 

• Knudsen diffusion is the primary mech
anism for methane emissions from 
abandoned shale gas wells (~ 20 × 103 

m3 d− 1 per well). 
• Methane emission due to diffusive flux 

is comparable to the most significant 
operational emissions (i.e., flowback).  
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A B S T R A C T   

Shale gas, with its abundance and lower carbon footprint compared to other fossil fuels, is an important bridge 
fuel in the ongoing energy transition. However, a notable concern in shale gas exploration is fugitive methane 
emissions during the extraction, development, and transport of natural gas. While most existing works evaluate 
methane emissions released by well fracking, completion and operation, the greenhouse footprint of unpro
ductive shale gas wells (often abandoned or orphaned) has received little scrutiny. A large fraction of these 
emissions from abandoned shale gas wells are due to the diffusive transport of methane trapped in nanoporous 
shale matrix, which is poorly understood. Here, we develop a theoretical kinetic approach to predict methane 
diffusive flux from heterogeneous shale matrix. Our theoretical model is based on a layer sequence formulation 
and accurately considers multiple flow mechanisms, including viscous flow, gas slippage, and Knudsen diffusion 
and their mutual interactions. The model is validated against the observed methane diffusion data obtained from 
high-pressure and high-temperature experimental measurements on Marcellus shale. We find that methane 
diffusive flux increases as reservoir pressure decreases. We estimate methane emission due to diffusive transport 
up to 20 × 103 m3 per well per day, which is comparable to emissions from flowback fluid. For the first time, 
unrecovered natural gas in the shale matrix is demonstrated to be the main source of methane emissions from 
abandoned shale gas wells. Given the long-lasting nature of diffusive transport to shale gas seepage, it is sug
gested that regulatory requirements should be implemented to provide long-term monitoring of methane 
emissions from abandoned shale gas wells.  
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1. Introduction 

Methane contributes to a third of net warming since the Industrial 
Revolution with a much stronger global warming potential than carbon 
dioxide by 84–86 times over a 20-year timeframe (Myhre et al., 2013; 
IEA, 2023). Under the Global Methane Pledge, the U.S. and other partner 
countries have committed to reducing global methane emissions by 
~30 % by 2030, highlighting the urgency of methane mitigation (IPCC, 
2022). A significant source of methane inventory is abandoned oil and 
gas wells, contributing to 10 % of total methane emissions in the U.S. 
(EPA, 2023; Kang et al., 2014; Kang et al., 2016). Recent measurements 
(EPA, 2023; Boutot et al., 2022) suggest that the Appalachian basin has 
the highest number of abandoned wells, causing it becoming the largest 
source of methane emissions from such wells in the U.S. After well 
abandonment, fugitive emissions continue at the well site, where 
abandoned wells are likely to act as potential contamination pathways 
to atmosphere and groundwater aquifers (if unplugged or well integrity 
is compromised) (Kang et al., 2014; Boutot et al., 2022; Nisbet et al., 
2020). Nevertheless, assessing methane emissions from abandoned wells 
is faced with substantial uncertainty because of poorly documented well 
records or the limited direct measurements available (Kang et al., 2023). 
It is therefore important to identify the mechanisms that lead to high 
emissions and develop predictive modeling to estimate methane flow 
rate over time. 

In the Appalachian basin, Marcellus shale formation is the largest 
natural gas production formation, making it the primary contributor to 
methane emissions in the basin (Caulton et al., 2014). Methane emis
sions from shale gas development can account for up to 12 % of lifetime 
production, which includes emissions both upstream at wellsite and 
midstream during processing (Pétron et al., 2012; Karion et al., 2013). 
Existing efforts (Pétron et al., 2012; Karion et al., 2013; Howarth et al., 
2011) to assess emissions from shale gas production are mostly con
strained to the operating life of these wells. An important missing source 
is abandoned shale gas wells. The most unique characteristics of shale 
gas wells is the low recovery factor (mostly <20 % (Neil et al., 2020; Ma 
et al., 2022)), leaving significant amount of gas reserves unrecovered 
following well abandonment. The remaining gas reserve primarily re
sides in nanopores of shale matrix, where concentration-driven diffusion 
drives the migration of methane molecules (Chandra et al., 2020; 
Clarkson et al., 2013). Contrary to the pressure-driven advection flow of 
natural gas, which terminates when the reservoir is depleted, diffusion is 
a slower, passive transport process. It contributes to a long-lasting 
methane flow flux that continues after well abandonment. As a result, 
we often observe a transient nature in methane leaks from shale gas 
wells (Caulton et al., 2014) as well as underground coal mine (Singh 
et al., 2022; Kholod et al., 2020; Vishal et al., 2013). Here, we focus on 
the mechanistic understanding of emission mechanisms in abandoned 
shale gas wells. 

As noted earlier, the remaining gas reserve in abandoned shale gas 
wells primarily resides in shale matrix, consisting of nanoporous pore 
network. To characterize abandoned shale gas well's potential as a 
methane emission source, a solid understanding of shale gas transport 
mechanism is required. Fig. 1 shows typical production profile in major 
U.S. shale plays. The initial high gas production rate sources from 
depleting interconnected natural and hydraulic fractures, where the 
slope of the decline curve is proportional to 

̅̅
t

√
; later in the production 

profile, an asymptote in production presents and lasts for many years at 
a flat or slowly declining rate, known as elongated tail production 
(Patzek et al., 2013; Middleton et al., 2015). This production tail is of 
direct relevance to evaluate methane flow flux after well abandonment. 
While the early-time regime, mainly fed by gas stored in fracture 
network as free compressed gas, is well depicted by the classic Darcy 
formulation, the late-time regime, mainly fed by gas stored in nano
porous matrix as free and adsorbed gas, poses a distinctive challenge in 
gas flow modeling. Since pore throat size of shale is comparable to the 

mean free path of gas molecules (Clarkson et al., 2013), gas diffusion 
dominates matrix transport. As a result, diffusion is the most important 
flow mechanism for highly depleted abandoned wells with low reservoir 
pressures. It should be noted that shale matrix typically has a wide pore 
size distribution, and multiple flow mechanisms can come into play, 
affecting each other. Therefore, it is important to develop a fundamental 
understanding of multi-scale flow mechanisms underlying shale matrix 
transport so that methane emission potential from abandoned wells can 
be properly estimated. There are many approaches in modeling gas 
transport in nanoporous shale matrix. Molecular dynamics (MD) models 
have successfully predicted the transport rate of pure and mixed gas in 
nanoporous media (Dubbeldam and Snurr, 2007). But it requires a 
multitude of properties pertaining to the nanopore system and thus, is 
computationally too intensive for physically and chemically heteroge
neous shale, even with simple fluids. As a result, the search for a trac
table theory based on molecular theory is of much practical value and 
significance. Drawing from this premise, most models (Wu et al., 2015; 
Javadpour, 2009; Darabi et al., 2012; Azom and Javadpour, 2012; 
Klinkenberg, 1941; Ertekin et al., 1986) developed for practical appli
cations consider the superposition of diffusive and viscous resistance 
following the dusty gas model formulation (Mason and Malinauskas, 
1983; Evans III et al., 1961). The viscous part is derived by modifying 
Poiseuille flow model for a non-slip boundary at pore surface, whereas 
the diffusive part superimposes Knudsen and molecular diffusion co
efficients. However, there is no consistency for the superimposing rule 
(weighing factor corresponding to individual flow regime). For example, 
the Klinkenberg approach (Klinkenberg, 1941) neglects the contribution 
of Knudsen flow to the total flow rate, whereas the work of Ertekin et al. 
(1986) excludes slip flow from the formulation. 

In brief, practical models quickly estimate matrix permeability but 
can be inaccurate. MD gives precise permeability estimates but is limited 
to small systems over short periods. As a result, a simplified pore 
structure model is often surmised in predicting matrix transport. To the 
best of our knowledge, no study attempts to predict the observed shale 
gas permeation involving complex pore structure framework due to a 
lack of mechanistic understanding of the interactions between different 
flow regimes. 

In this work, we propose an analytical model to estimate methane 
emission potential of abandoned shale gas wells, focusing on the 

Fig. 1. Field-level shale gas production curve (obtained from major U.S. shale 
plays) depicting the dominant flow mechanism governing gas transport. 
Various matrix flow regimes (e.g., slip flow, Knudsen diffusion) are likely to 
occur in long-term tail production that dominates the total shale gas produc
tion. 
Data source: EIA (2022). 
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remaining gas reserve in shale matrix. Specifically, a unified gas trans
port model is developed based on theoretical framework of kinetic 
theory to describe confined fluid behavior in nanoporous shale matrix. 
The rest of the paper is structured as follows. Section 2 develops a uni
fied gas transport model to predict flow flux as a function of pore 
structure parameters and reservoir pressures. The conceptual model is a 
layer-by-layer sequence model considering interactions between various 
flow mechanisms. Section 3 provides a detailed overview of experi
mental work involved in high pressure and high temperature matrix 
flow measurements. Section 4 contributes to model validation and 
application. The proposed model is validated by experimental mea
surements on shale matrix transport and later applied to predict diffu
sive flow flux as a function of pressure and estimate methane emission 
potential for abandoned shale gas wells. 

2. Theory of gas flow through nanoporous shale 

Gas transport in the porous matrices is bound to two asymptotic 
regimes, i.e., Knudsen diffusion (driven by molecule-wall interactions) 
in small pores and continuum/viscous/bulk flow (driven by molecule- 
molecule interactions) in large pores (Veldsink et al., 1995). A distinct 
transport coefficient prevails in each of these regimes. Assuming mutual 
independence of molecule-wall and intermolecular interactions permits 
the applicability of the Bosanquet formula (Bosanquet, 1944; Mistler 
et al., 1970; Yang and Liu, 2019) to estimate the overall transport co
efficient in the transition region. Bosanquet formula (Eq. (1)) combines 
molecule-wall and molecule-molecule interactions to calculate self- 
diffusivity of specific species in one dimension. Mathematically, 

1
kt

=
1
kk
+

1
kv

(1)  

where kt, kk, kv are effective permeability corresponding to flow under 
transitional, pure Knudsen, and pure viscous flow regimes, respectively. 

This approximation that postulates the additivity of the two collision 
frequencies is accurate in the absence of any interdependence between 
wall and intermolecular collisions (Goodbody et al., 1991). If intermo
lecular collisions are strongly correlated with wall collisions which is the 
rarefaction effect, Bosanquet's formula no longer applies, and gas kinetic 

theory should be revisited to account for wall surface effects adequately. 
A layer-sequence model first proposed by Bravo (2007) is therein 
applied to lump the molecular effects into a space-averaged macroscopic 
flow property (Fig. 2). In adjacent to the pore wall, surface effects are 
prevalent and correspondingly, molecule-wall collisions become the 
primary driving force for gas transport. This layer is commonly known as 
the Knudsen layer where collisions among molecules are neglected in 
the formulation for Klinkenberg's equation (Klinkenberg, 1941). This is 
indeed valid for slip flow regime where molecular mean free path, λ is 
comparably smaller than the length scale of the pore network, d, but 
tends to be erroneous as the characteristic scale further decreases, cor
responding to transitional flow region. In engineering practice, a wide 
span of pressure range can be encountered during depletion and injec
tion that brings in scale-wide changes in collisional frequencies. So, both 
intermolecular and wall collisions may play comparable roles for in-situ 
gas flow through a cascade of smaller voids and hierarchical pore 
structure. Based on the formalisms of the dusty gas model, the following 
work is dedicated to developing a generalized and unified transport 
model to provide a complete solution to the in-situ gas transport prob
lem from the viscous to molecular regimes. Correlations between suc
cessive molecule-wall and intermolecular collisions will be considered 
within the Knudsen layer and in the central zone of pores. 

As shown in Fig. 2, gas flow through a simplified and straight 
capillary tube, the assumed pore shape, is hypothetically separated into 
viscous stream in the inner section (middle layer) surrounded by 
Knudsen layers in the outer annulus (upper and lower layers). In viscous 
stream, only molecule-molecule interactions occur; in Knudsen layers, 
both molecule-molecule interactions and molecule-wall interactions. At 
the high-pressure upstream, gas molecules have more frequent inter
molecular collisions than pore wall collisions, leading to the formation 
of a thicker viscous stream layer relative to the Knudsen layer. At lower 
pressures, pore wall collisions become more pronounced as more gas 
molecules collide with the pore wall, resulting in an increased thickness 
in the Knudsen layer. This postulation does not imply an independent 
layer-sequence transport process. In fact, gas transport in different flow 
streams is mutually affected as molecules leave, join, and rejoin the 
stream, which has not yet been adequately considered. 

Fig. 2. Multi-mechanism gas transport through nanopores of shale matrix. f(P) is the fraction of gas molecules leaving the viscous stream.  
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2.1. Flow equation in viscous stream 

In the inner flow path of the capillary, molecule-molecule in
teractions and the resulting dissipative viscous forces primarily drive gas 
transport in the viscous stream, whereas wall effects only act on the 
outer annulus. The gas flux can be defined by Hagen-Poiseuille equation 
following (Eq. (2)) (Hagen, 1839; Bird and Stewart Warren, 2007). 

qv = −
πd4

128μ
dP
dL

(2)  

where qv is the volumetric gas rate, d is the pore diameter, dP
dL is the 

pressure gradient, and μ is the gas viscosity. 
A fraction of gas molecules may leave the viscous stream due to the 

engagement of wall-to-wall path (Fig. 2). Considering this interplay 
between inner and outer regions, a correction factor, f(P) is added to Eq. 
(2) to allow for the transmission of kinetic energy produced by the 
pressure gradient to tube wall. Gas viscosity, μ can be related to mean 
free path, λ by (Eq. (3)) (Vincenti and Kruger, 1965). 

λ =
μ
P

(
πRT
2M

)
1
2 (3)  

and the resulting viscous flow equation can be expressed as (Eq. (4)), 

qv = −
πd4

128λP

(
πRT
2M

)
1
2(1 − f (P) )

dP
dL

(4)  

where f(P) = e− sinh− 1( 1
kn), as suggested by Scott and Dullien (Scott and 

Dullien, 1962), T is the absolute temperature, M is the molecular weight 
of gas, and R is the gas constant. 

2.2. Flow equation in Knudsen layer 

In microscale gas flow, the small dimension of capillary tubes means 
that the flows are often rarefied. Flow behavior near the solid bounding 
surfaces is governed by molecule-wall interactions, leading to the 
formulation of the Knudsen layer. This layer is a local thermodynami
cally nonequilibrium region extending a few mean free paths from the 
surface (Dongari et al., 2011). Considering the transitional flow regime 
where both molecule-wall and molecule-molecule collisions are 
comparably important towards the gas flux, slip flow and Knudsen 
diffusion are very likely to coexist in gas transport within Knudsen layer. 
Previous gas transport models, such as Klinkenberg's equation (Klin
kenberg, 1941; Heller et al., 2014) or weighted-average model (Ertekin 
et al., 1986; Liu et al., 2002) integrate either slip flow or Knudsen 
diffusion into the continuum flow equation and ignore the other flow 
regime. To fill this gap, Javadpour's model (Javadpour, 2009) and its 
extensions (Wu et al., 2015; Javadpour et al., 2012; Civan et al., 2012) 
integrate Knudsen diffusion into Klingenberg's equation to improve 
predictions on the slip velocity comprising of the streaming velocity of 
incident molecules and that of the scattered molecules. This approxi
mation asserts the linear additivity of flow flux through slip flow and 
Knudsen diffusion and should be very accurate in the absence of any 
interaction between intermolecular and wall collisions. A more general 
formulation that extends Klinkenberg's equation and describes detailed 
different molecule interactions at pore scale in terms of kinetic theory is 
developed as follows. 

Assuming the validity of Knudsen diffusion implies straight trajec
tories between collisions at opposite pore walls such that no correlations 
exist between successive wall collisions. In reality, molecules that are 
reflected on the pore wall are likely to collide with other molecules prior 
to another wall collision, whereby the frequency of intermolecular col
lisions is controlled by pressure gradient. This phenomenon results in 
the occurrence of slip flow. As a means of evaluating the interactions 
between the two flow regimes, Maxwell-Boltzmann distribution 
(Maxwell, 1965) (the chi distribution of speeds of gas molecules at a 

certain temperature) is used to calculate the likelihood of wall collisions 
and intermolecular collisions among a unit volume of gas molecules. 
This classical distribution describes the velocities of idealized gas mol
ecules in a system at thermodynamic equilibrium. 

The total number of molecules impinging upon per unit length of 
wall per unit time, Nwall is given by (Eq. (5)) (Maxwell, 1965). 

Nwall =
1
4

ncπd (5)  

where n is the molar density and c is the mean molecular velocity. 
The total number of intermolecular collisions per unit length of wall 

per unit time, Nmolecule is given by (Eq. (6)) (Maxwell, 1965). 

Nmolecule =
1
4

nc
λ

πd2 (6) 

Therefore, at any time, the possibility of wall collisions over total 
collisions, fwall is given by (Eq. (7)) 

fwall =
Nwall

Nwall + Nmolecule
=

λ
d + λ

(7) 

This ratio is useful in evaluating the interaction between slip flow 
and Knudsen diffusion, which describes the contribution of molecule- 
molecule collisions to flow flux in Knudsen layer. When gas molecules 
impinge on the walls, part of them undergo diffusive reflection and 
subsequently collide with other molecules from upstream, known as 
first-order slip (Beskok and Karniadakis, 1999). The rest of gas mole
cules experience specular reflection and thereafter, either participate in 
the wall-to-wall path (Knudsen diffusion) or join the fluid streams (slip 
flow), leading to correlations between successive molecule-wall colli
sions. To quantify this correlation, we use fwall to approximate the pos
sibility of these perfectly reflected molecules involved in pure Knudsen 
diffusion (and not affected by intermolecular collisions). 

A usual calculation of slip velocity is a simplified case that only 
considers first-order gas slip or tangential momentum exchange of gas 
molecules at the surface (Eq. (8)) (Beskok and Karniadakis, 1999; Ken
nard, 1938; Thompson and Owens, 1975), 

us − uw =
2 − σv

σv
λ
(

∂u
∂n

)

wall
(8)  

where us and uw are the slip and wall velocity, respectively. σv is the 
tangential momentum accommodation coefficient measuring the frac
tion of gas molecules undergoing diffusive reflection over specular 
reflection (Maxwell, 1965). n is the coordinate normal to the wall. 

Considering the influx of gas molecules coming from perfect reflec
tion, the flow rate of slip flow, qs can be derived as (Eq. (9)), 

qs = −
π
12

d3

P

(
πRT
2M

)
1
2

(
2 − σv

σv
+(1 − fwall)

)
dP
dL

(9) 

Theoretical analysis often ignores the second term representing the 
part of flow flux due to specular reflection to the pressure-driven stream. 
This is indeed applicable for cases with very small or very large Knudsen 
numbers, resulting fwall→1. Here, we develop a general formulation for 
slip flow calculation, which improves predictions for transitional flow 
with intermediate Knudsen number (0.1 < Kn < 10). 

For gas molecules exclusively involved in wall-to-wall path, the 
calculation of flow rate that postulates Knudsen model, qk is given by 
(Eq. (10)) (Jeans, 1921). 

qk = −
1
3

d3

P

(
πRT
2M

)
1
2fwall

dP
dL

(10)  

2.3. Integration of mass transfer for multiscale and multimechanistical 
flows 

Multiscale gas transport phenomena are ubiquitous in gas perme

Y. Yang et al.                                                                                                                                                                                                                                    



Science of the Total Environment 913 (2024) 169750

5

ation in tight geologic media due to the wide span in operating condi
tions (pressure and temperature) or pore size distribution within the 
host rocks. A unified gas transport model is developed on the basis of 
viscous flow, slip flow, and Knudsen diffusion to quantify the multiscale 
flow behavior for microporous materials. The total flux is given as, 

qt(d) = qv + qs + qk (11) 

Eq. (11) is the unified gas transport model developed for flow 
through microchannels with a uniform cross section. For natural rocks, a 
wide pore size distribution (PSD) is prevailing, necessitating further 
investigations to quantify the overall impact of porosity fluctuations on 
gas transport. 

2.4. Mass transfer in the shale matrix pore structure 

Without losing the generality, a parallel pore model depicted in 
Fig. 3 is conceptualized to extend the unified model (Eq. (11)) for 
heterogenous microporous media (e.g., shale matrix). The hierarchical 
pore network of a shale matrix is conceptualized and geometrically 
idealized into a bundle of capillaries with various radii, assuming 
cylindrical-shaped and interconnected pores. To incorporate local fea
tures at pore-scale into macroscopic flow formulations, we do not 
attempt to differentiate pore throat size from pore body size; instead, a 
smooth surface is assumed for nontrivial development. In cases of gas 
production or acid gas injection, layers of adsorbed gas molecules on the 
surface tend to hide real surface features and alleviate associated effects 
on bulk gas transport (Yang and Liu, 2020). As a result, impacts of 
surface heterogeneity can be ignored in the calculation of macroscopic 
gas velocity when surface diffusion (movement of adsorbed molecules) 
is significant. It is worthwhile to mention that the current model can be 

extended to incorporate these localized feature by coupling features into 
Knudsen model (Yang and Liu, 2019; Kärger et al., 2012). 

Flow flux for a rigid pore channel is readily quantified from the 
unified model developed (Eq. (11)). For a range of pore sizes, the overall 
flow flux is quantified as the net sum of mass transported through every 
capillary contained. The mathematical expression of qt for heteroge
neous porous material is given as follows (Eq. (12)): 

qt =

∫ xmax

xmin

qt(d)ρ(d)dx (12)  

where xmax and xmin define the upper and lower bound for every possible 
pore size present, as delineated by N2-adsorption-derived PSD. Gas flux 
through single-sized pores, qt(d) is determined from Eq. (11) and its 
volume fraction is denoted by ρ(d). 

3. Experimental work 

3.1. Sample information 

The Marcellus shale investigated was obtained from the Pennsylva
nia Department of Conservation and Natural Resources (PA DCNR), 
Bureau of Topographic and Geologic Survey (BTGS) core library located 
in Middletown, Pennsylvania. The shale sample is obtained from Eastern 
Gas Shales Project (EGSP) collected cores. This shale is located in the 
western half of the Appalachian basin (Marcellus formation), containing 
a large natural gas reserve but very low permeability (Dyman and Wil
cox, 1983; Schmoker, 1980). Based on reported gas permeation mea
surements, the permeability of Devonian-age Marcellus shale varies 
greatly, ranging from <0.2×10− 8 to 0.8 md (Luffel et al., 1993). In this 

Fig. 3. Conceptual model of heterogenous porous media (e.g., shale matrix). The porous medium is represented by a capillary bundle model comprising a collection 
of tubes with a variable cross-sectional area. 
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work, a crushed shale sample was prepared by manual grounding and 
sieving to avoid over-gridding and to ensure sufficient sample mass can 
be recovered at the target grain size (~70 mesh). The pore volume and 
its size distribution were determined from the nitrogen adsorption 
experiment at 77 K using ASAP 2420 Automated Surface Area and 
Porosimetry System. According to Barret, Joyner, and Halenda (BJH) 
(Barrett et al., 1951) approximation, the Marcellus EGSP shale has a 
bimodal pore size distribution with a significant fraction distributed in 
pores with a size <10 nm (Fig. 4). 

3.2. Experimental apparatus and method 

The apparatus for measuring high-pressure gas adsorption kinetics is 
described elsewhere (Yang et al., 2022). Characterization of adsorption 
equilibrium has been in the previous work, and this work focuses on the 
quantification of diffusion and transport of confined fluids in a nano
porous shale matrix. 

Matrix permeability of shale is generally very low and, thus, chal
lenging to be accurately measured. Because of the extensive time 
required to achieve equilibrium, permeability measurements following 
the steady-state method do not apply to shale matrix (Cui et al., 2009). 
As a transient method, the pulse-decay technique is commonly 
employed for permeability measurements on tight rocks, where its 
elapsed time is only about minutes to hours for ultra-low permeability 
rocks (~10− 12 md) (Brace et al., 1968; Trimmer et al., 1980; Yamada 
and Jones, 1980). The pulse-decay method can potentially overestimate 
of matrix permeability due to the coring-induced microfractures and the 
effect of natural fractures. To avoid this artifact, the crushed sample was 
used that could eliminate fractures completely and ensure gas flow 
purely through the nanoporous network of shale matrix (Egermann 
et al., 2005). 

The methane adsorption and diffusion measurements were con
ducted on the custom-built volumetric differential pressure apparatus, 
as shown in Fig. 5. A differential pressure transducer with an operating 
range of ±50 psi (0.34 MPa) was deployed to continuously monitor 
pressure drops due to adsorption and diffusion, offering a significant 
increase in accuracy as compared to Sieverts apparatus (up to 10-fold) 
(Yang et al., 2022). The testing system operates on the basis of sym
metrical seating of void volume and consists of two symmetrical Sieverts 
apparatus. Accordingly, gas permeance measurements were initiated by 
injecting methane into the outer loop (cells and tubing outside the inner 
valves) to the desired pre-expansion pressure and then connecting the 

outer with the inner loop (cells and tubing inside the inner valves) to 
achieve equilibrium conditions. A cumulative injection scheme was 
deployed, where transient pressure data collected at different pressure 
stages delineated the experimental relationship between matrix trans
port capacity and pressure. The pressurization procedure was repeated 
with an equilibrium pressure ranging from 2 to 14 MPa at an isothermal 
condition of 303.15 K. 

As gas molecules penetrate through nanopores, ambient pressure in 
the sample cell gradually decreases, accompanied by an increase in 
differential pressure readings (see Fig. 6). Gas flow flux was estimated 
using the pulse-decay pressure data collected as follows (Eq. (13)): 

F(t) =
1

RT
(Vss − Vs)

(
ΔP(t)

Zs
−

ΔPe

Ze

)

(13)  

where F(t) is the mole fraction of gas molecules flowing into the nano
pores (normalized by the adsorption equilibrium value), Vss − Vs is the 
void volume in sample cell, ΔP(t) is transient differential pressure 
readings, ΔPe is the equilibrium differential pressure, and Zs and Ze are 
gas compressibility factors corresponding to transient and equilibrium 
pressures. 

As shown in Fig. 6, the magnitude of measured pressure drop 
(<0.005 MPa) at each pressure stage was about the same or even less 
than the precision of a typical absolute pressure transducer (with a 
measuring scale of 35 MPa) (Yang et al., 2022). Clearly, the absolute 
pressure transducer as well as the conventional volumetric method 
cannot meet the accuracy required for characterizing shale gas transport 
with comparatively low adsorption capacity (concerning coal). The 
improved differential volumetric method using differential pressure 
transducer can significantly reduce the systematic error at high line 
pressure measurement, therefore offering the precise measurement for 
gas diffusivity. A detailed discussion on the improved differential 
volumetric method is discussed in our previous work (Yang et al., 2022). 

4. Model validation and application 

The unified gas transport model was first tested on synthetically 
manmade material and then on natural material because the matrix pore 
structure of tight rocks is convoluted and is of less confidence (Clarkson 
et al., 2013). In addition, evaluating overall gas permeation for 
adsorbing gas requires separating the contribution of surface diffusion 
from the free gas flow, which challenges the present model and neces
sitates using a suitable adsorption model to predict the thermodynamic 
equilibria. This involves further modifications to the current model on 
the basis of the weighted superposition of bulk and adsorbed gas 
transport fluxes, which is discussed later. Therefore, model validation 
will root on the experimental measurements of inert gas (such as argon 
and helium) transport in the synthetic material as a reference for ideal 
conditions with adsorption- and bumps-free surface and extend to real 
conditions accounting for adsorption and surface roughness associated 
with shale matrix. 

4.1. Validation of gas transport model in homogenous and heterogenous 
nanoporous membrane 

The proposed unified gas transport model was applied to predict gas 
transport behavior in artificial membranes with a pore size gradient 
from 0.5 nm to 212 nm for testing its general applicability to the mul
tiscale flow behavior. A comparison between proposed model estimation 
and experimental data reported for inert gas transport in these mem
branes (Roy et al., 2003; Katsaros et al., 1997) is conducted in this model 
validation section. The reported nanopore flow data was collected on 
alumina filters with uniform pore size and carbon membranes with 
right-skewed normal pore size distribution (see Fig. 7). Table 1 lists the 
dimension of nanopores involved and the physical properties of flowing 
fluid. 

Fig. 4. Pore size distribution of the studied EGSP shale obtained from the low- 
pressure nitrogen adsorption data (77 K). 
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We used Eq. (11) to calculate the flow flux in these membranes with 
well-defined pore shape and pore size distribution. Our model can 
accurately replicate the flow behavior for Argon transport in alumina 
filters as a homogenous porous material with an average error of 4.5 % 
(Fig. 8, top). To achieve this match, the associated value for the 
tangential accommodation coefficient, σv, was found to be 4/3, 

consistent with Maxwell's work (Maxwell, 1965). When applied to 
heterogenous porous materials (carbon membranes), Eq. (11) was in
tegrated over the reported pore size distribution from 0.5 to 1.5 nm 
following the algorithm depicted in Eq. (12). The unified transport 
model is developed based on the conceptual model of capillary bundles, 
where mutual interactions between pores in different sizes were 
ignored. Under this assumption, linear additivity for flow flux in 
different-sized pores was employed to calculate the overall mass flow 
flux for the heterogeneous membrane. The modeling results reasonably 
match experimental data with an average error of 9.1 % (Fig. 8, bottom). 
This supports the rationale behind the capillary bundle model and val
idates the use of linear additivity for modeling gas transport in heter
ogenous porous media with a range of pore sizes. Note that gas 

Fig. 5. Schematic of the volumetric differential adsorption apparatus. Vsr and Vrr denote charging cells at the sample and reference sides. Vss and Vrs denote sample 
cells at the sample and reference sides. 
Modified from (Yang et al., 2022). 

Fig. 6. An example of measured absolute and differential pressure changes 
during CH4 permeation into the nanoporous network of shale matrix. 

Fig. 7. Pore size distributions based on nitrogen adsorption for homogenous nanoporous material, alumina filters (left) and heterogenous nanoporous material, 
carbon membrane (right) (Roy et al., 2003; Katsaros et al., 1997). Note that (d) is determined from the reported pore volume data normalized to total pore volume. 

Table 1 
Pore dimensions and gas properties.  

Flow parameter Alumina filters (Roy 
et al., 2003) 

Carbon membranes (Katsaros 
et al., 1997) 

Pore size 
distribution 

Discrete, single value Right-skewed normal 

Mean pore 
diameter, d 

212 nm 0.8 nm 

Length, L 60 μm 15 nm 
Temperature, T 300 K 310 K 
Pressure difference Vacuum to 120 kPa 100 kPa 
Outlet pressure, Pout 4.8 kPa 35 to 425 kPa 
Gas species Argon Helium 
Molecular mass, M 39.948 g/gmole 4.003 g/gmole  
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permeance (m3/m2 s kPa), a ratio of flow flux over the thickness of 
membrane per unit driving force, was used in the original work (Kat
saros et al., 1997) to characterize the flow conductance of carbon 
membranes. Herein, it was converted to volumetric flow flux (m3/m2 s) 
for unit consistency for model validation. By comparing modeled results 
against the experimental data, our model is widely applicable to both 
homogenous and heterogeneous manufactured nanoporous material, 
suggesting the importance of considering the interactions among 
different flow regimes (viscous, slip, and Knudsen flow). 

In Fig. 8, the interaction between corrected viscous flow (pure 
viscous and slip flow) and Knudsen diffusion was characterized by the 
relative contribution of mass transfer under a single flow regime to the 
total mass transported. At pressures investigated, flow in macroporous 
alumina filters with a uniform pore size (~212 nm) belongs to transi
tional flow with Knudsen number ranging from 0.3 to 3. In this case, the 
molecular mean free path is generally comparable to the characteristic 
dimension of the solid, and thus, molecules present in the viscous stream 
are very likely to interact with pore walls. A calculation of f (P) indicates 
that up to 60 % of gas molecules following intermolecular collisions are 
constrained by pore walls, and this interaction is diminishing at higher 
pressures. As such, the flux ratio contributed by Knudsen diffusion is 
inversely related to pore pressures. At the highest pressure reached, the 
corrected viscous flow contributes to ~85 % of total mass transfer. If the 

interactions between diffusive and advective flux (characterized by f 
(P)) are overlooked, the flow conductance at reported pressures would 
be greatly overestimated due to the underrating Knudsen layer effects. 

Similar observations were made for the heterogenous microporous 
carbon membrane, where the net flux through Knudsen diffusion de
creases as pressure increases. The carbon membrane examined here 
features persistent pores <2 nm in diameter. Herein, molecule-wall 
collisions dominate overall gas transport, contributing to >60 % of 
mass transport (Fig. 8, bottom). Gas permeation in this microporous 
material evolves from a simple Knudsen diffusion to a more complex 
transitional flow regime with increasing pressures. Since the dominant 
pore size (~0.8 nm) is much smaller than the molecular mean free path 
at investigated pressure ranges (5 to 600 nm), a calculation of fwall yields 
a value very close to one, implying the predominance of Knudsen layer. 
Still, a small fraction of reflected gas molecules (1- fwall) is likely to be hit 
by upstream molecules before another wall collision. As pressure in
creases, the interplay between different flow mechanisms becomes 
increasingly significant, as evidenced by the convergence of the two 
lines representing the relative contribution. Increasing the pressure in
creases the likelihood of intermolecular collisions, which in turn de
creases the proportion of gas molecules involved in wall-to-wall motion 
and increases the contribution of slip flow. 

Overall, interactions between various flow regimes exhibit strong 
dependence on pore pressure. For microporous media (carbon mem
brane), intense interactions between diffusive and advective fluxes 
occur at high pressure stages; for macroporous media (alumina filters), 
the opposite trend is found where the interactions become trivial to
wards high pressures. In this section, it is demonstrated that the general 
applicability of the proposed model in artificial nanoporous material 
with well-defined pore architecture. The heterogeneity considered here 
is only for unimodal PSD over a relatively narrow spectrum of values. 
Further investigations will be performed by comparing model's pre
dictions with the experimental data measured on shale matrix. 

4.2. Gas transport modeling and its validation in heterogeneous shale 
matrix 

The data shown in Fig. 9 is the adsorption isotherm of CH4 measured 
at 303.15 K for the studied EGSP shale sample (~48 g). The Langmuir 
isotherm was employed to describe the observed adsorption equilibria 
following least-squares minimization. The optimized Langmuir volume, 
characterizing the ultimate adsorption capacity, is estimated to be 0.05 
mmol/g. Previous work (Yu et al., 2016) reported a range of adsorption 

Fig. 8. Applying the unified transport model (Eq. (11)) to experimental data for 
inert gas transport in synthetic alumina filters and carbon membranes. The 
relative contributions of Knudsen diffusion and corrected viscous flow (slip and 
pure viscous flow) to total gas flow are also plotted as scaled by the right y-axis. 

Fig. 9. The methane Gibbs adsorption isotherm at 303.15 K and the corre
sponding adsorption-induced pressure drops recorded using the differential 
volumetric apparatus. The solid line is Langmuir fit to adsorption data. 
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capacity for EGSP shales (with total organic content (TOC) ranging from 
0.03 to 0.09) varying between 0.06 and 0.3 mmol/g. As our measured 
sample has a TOC content of 0.03, the measured adsorption capacity 
(~0.05 mmol/g) is consistent with literature-reported values, verifying 
the accuracy of the experimental results. According to data recording 
made by the differential pressure transducer, the pressure drop due to 
gas adsorption is only about 0.03 % to 0.4 % of the ambient pressure in 
the sampling cell, below the sensitivity of a conventional absolute 
pressure transducer (Yang et al., 2022). As many shale formations 
possess 1 to 5 % of organic material (Miller, 2015) corresponding to 
weakly adsorbing systems, the conventional volumetric method based 
on absolute pressure readings is prone to errors in quantifying the 
adsorption capacity, especially for shale samples with low TOC. There
fore, differential pressures were used to evaluate the adsorption capacity 
of the studied shale. 

Note that the experimentally obtained adsorption isotherm shown in 
Fig. 9 consists of Gibbs surface excess quantity at equilibria as opposed 
to absolute adsorption volume. The excess adsorption volume measures 
the difference between the number of moles of gas present in the system 
and the number of moles that would be present if all the void volume in 
the system were taken by the adsorbate gas in its bulk phase at the same 
condition (Sudibandriyo et al., 2003). In other words, the changes in 
void volume in the system due to the condensation of adsorbed mole
cules are neglected in calculating the excess adsorption amount. It may 
seem attractive to consider the absolute adsorption isotherm, but esti
mating actual amounts adsorbed from the measured excess adsorption 
variables concerns making ambiguous assumptions about the size of the 
adsorbed phase. However, the volume and structure of the adsorbed 
phase as well as the actual density profiles of the adsorbate within the 
adsorbed phase, cannot be experimentally characterized (Sircar, 1999). 
From an engineering viewpoint, excess adsorption is more practical to 
represent the true experimental variable and circumvent the challenge 
of characterizing the adsorbed phase (Purewal et al., 2009). 

The normalized adsorption kinetics curves of CH4 at different pres
sure stages are shown in Fig. S1. In general, CH4 adsorption reaches 
equilibrium in <600 s, and the associated elapse time increases as more 
gas adsorption sites become occupied at higher pressures. Beyond 3 MPa 
(close to Langmuir pressure of 3.5 MPa), the equilibrium time does not 
change significantly (see Appendix). 

A variety of diffusion-adsorption models are available to relate the 
rate of adsorption to diffusion coefficient, including the bidisperse 
model (Smith and Williams, 1984), the unipore model (Crank, 1975), 
and their modified versions (Cui et al., 2004; Clarkson and Bustin, 1999) 
that consider real adsorbent characteristics such as non-linear adsorp
tion isotherms, time-varying boundary conditions. Nevertheless, all 
these models have made strong assumptions on the structure of the 
adsorbent (e.g., unimodal, bimodal). To avoid this artifact, the volu
metric flow flux, Jv through a collection of pores is derived to be a 
product of the kinetic parameter (a direct experimental variable), and 
the molar density of the adsorbate is as follows: 

Jv = RadsVmmsam/A (14)  

where Rads is the measured rate of adsorption, msam is the mass of the 
testing sample, Vm is the molar density of the flowing gas at standard 
condition, A is the cross-sectional area of the diffusion flow. Details of 
the calculation can be found in the Appendix. 

Rads is determined by taking the uptake adsorption amount of the 
adsorption isotherm averaged over the equilibrium time, which is 
readily accessible from adsorption kinetics curves (Fig. S1). As described 
in the preceding part, Rads and the corresponding flow flux are evaluated 
on the basis of the surface excess quantity. For a scale-independent 
measure of the flow capacity, flow flux, Jv is calculated as a ratio of 
volumetric flow rate, qt to the conducting area involved, A. This includes 
all connecting void spaces within the crushed sample. 

Theoretical analysis is conducted to predict the flow flux as a 

function of pressure. Critical input parameters in the unified gas trans
port model are summarized in Table 2. Before the initiation of gas 
permeation, thermal equilibrium is assumed in the sample cell. This 
corresponds to an upstream boundary condition: constant gas concen
tration at the external surface of the crushed sample. As such, the flow 
considered starts when thermal equilibrium is attained after dosing gas 
molecules and terminates when they get adsorbed onto the pore surface. 
The cross-sectional area consists of conducting voids of different sizes, as 
depicted in Fig. 3, and the associated heterogeneity in the porosity 
distribution is characterized by low-pressure N2 adsorption isotherm 
(Fig. 4). The net length of the flow streamline is considered to be the 
radius of the shale particles (~105 nm), where the streamline extends 
from exterior surface to center of the particle. Cylindrical pores are 
assumed because the length of a single channel is much larger than the 
pore scale involved. The pressure difference between upstream and 
downstream is quantified by the measured differential pressure (ΔP(t)), 
and the outlet pressure is the gas pressure attained at adsorption equi
librium, Pe. 

As expected, Fig. 10 shows a general agreement between the 
measured and modeled flow flux as a function of pore pressure when 
interactions between different flow mechanisms were properly consid
ered. The resulting flow flux exhibits a monotonically decreasing trend 
with increasing pressure. Particularly, mass transport contribution from 
Knudsen flow reduces at higher pressures with more frequent intermo
lecular collisions, whereas its viscous slip counterpart increases with 
pressure. The modeling results exhibit some degrees of errors for pres
sures exceeding 3 MPa, potentially caused by changes in pore accessi
bility as adsorbed layers build up. The model domain is considered to be 
Marcellus shale where pore volume occupied by adsorbed layers is 
negligible at pressures investigated. Although a modification for 
adsorbed volume may provide a remedy for this discrepancy, it requires 
extensive modeling for the size and structure of the adsorbed phase that 
cannot be experimentally measured (Sircar, 1999). 

Overall, we observe the dominance of viscous slip flux (contributing 
to at least 70 % of mass transport) in CH4 flow through the EGSP shale at 
pressures investigated and beyond. Both slip flow and Knudsen diffusion 
occur as a result of wall or confinement effects, but the distinction and 
interaction between the two mechanisms are rarely recognized. A direct 
consequence is that one of them is ignored in predicting nanofluidic 
transport, as hypothesized in the Klinkenberg approach (Klinkenberg, 
1941) or the apparent permeability model (Javadpour et al., 2007). To 
further assess the significance of considering both flow regimes, a 
comparative analysis is then proceeded with calculating flow flux in the 
absence of slip flow or Knudsen diffusion. Fig. 11 shows the resulting 
flow flux curve, where the failure to include slip flow greatly un
derestimates the actual flow flux whereas the exclusion of Knudsen 
diffusion leads to noticeable errors at low pressures (<3 MPa). Another 
observation is that the differences between predictions considering and 
not considering momentum transfer between Knudsen layer and viscous 
stream are found to be small in most conditions. This is highlighted in 
Fig. 11, showing closely spaced curves when slip-Knudsen or viscous- 
Knudsen interaction is neglected, despite some differences at low 
pressures. 

In this section, we successfully applied the unified gas transport 

Table 2 
Pore dimensions and gas properties for methane permeation in EGSP shale.  

Flow parameter EGSP shale 

Pore size distribution Right-skewed 
Mean pore diameter, d 9.7 nm 
Length, L 105 μm 
Temperature, T 303 K 
Pressure difference or differential pressure readings ΔP(t)
Outlet pressure, Pout Pe 

Gas species CH4 

Molecular mass, M 16 g/gmole  
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model to predict methane flow flux at different reservoir pressures and 
identify the underlying flow mechanisms in shale gas production. This 
provides the essential theoretical foundation to quantify methane 
emissions potential for abandoned shale gas wells with long production 
history and low reservoir pressures. 

4.3. Fugitive methane emissions for abandoned shale gas wells 

After well abandonment, fugitive emissions continue at the well site, 
where abandoned wells are likely to act as potential contamination 
pathways to atmosphere and groundwater aquifers (if unplugged or well 
integrity is compromised) (Kang et al., 2014). This is particularly true 
for abandoned shale gas wells because the low recovery factor in these 
unconventional wells leaves significant gas reserves behind that become 
potential methane emission sources. To assess the emission potential, 
identifying the underlying flow mechanism of methane migration 
through the nanoporous shale matrix is of utmost importance. After well 
abandonment, reservoir pressure starts to equilibrate, and as a result, no 
significant pressure differential is expected to present across the reser
voir. For this reason, Knudsen diffusion, driven by the concentration 

difference between gas-rich matrix and fracture network, is expected to 
be the dominant mechanism behind methane leakage from nanoporous 
shale matrix in abandoned wells. The other two flow regimes (viscous 
and slip flow) are passive advection flow, requiring pressure gradient to 
drive the flow, and therefore become inefficient in depleted reservoirs. 

The unified gas transport model was applied to determine the mass 
flux under Knudsen diffusion. It is found that methane diffusive flux 
increases as reservoir pressure decreases. In particular, the diffusive flux 
becomes negligible when reservoir pressure is above 5 MPa. When 
applying the unified gas transport model to the measured methane gas 
transport data, the estimated diffusive volumetric flux increases from 
2.5 × 10− 8 to 3.8 × 10− 7 m3/m2s as pressure decreases from 7 MPa to 
0.7 MPa (see Fig. 11). Considering a typical shale gas well spacing of 
400 m and a matrix porosity of 5 %, we estimate that methane emissions 
due to diffusive transport from shale matrix at 3 × 103 to 19 × 103 m3 

per well per day, which is comparable to methane emissions from the 
flowback fluid (~41 to 680 × 103 m3 per well per day (Howarth et al., 
2011)). Unlike the flow-back emissions and other methane emissions 
during well operation, the diffusion emissions have a long-lasting effect 
that accumulates over time. Therefore, it is important to incorporate 
diffusive flux from shale matrix as a significant methane emission source 
in the greenhouse gas inventory calculation for abandoned shale gas 
wells. Another important finding is that methane emission potential due 
to diffusive transport can be greatly diminished if sufficient reservoir 
pressure is maintained in abandoned shale gas wells. Reservoir pressure 
maintenance approaches such as injecting fluid into reservoir voidage 
should be considered by operators before well abandonment. 

5. Conclusions 

We propose an analytical model to estimate methane emission po
tential of abandoned shale gas wells, focusing on the remaining gas 
reserve in shale matrix. Specifically, a unified gas transport model is 
developed based on theoretical framework of kinetic theory to describe 
multi-scale gas transport in nanoporous media. The outcome of this 
work allows for the quantitative prediction of flow flux as a function of 
pore structure parameters and reservoir pressures, which is valuable for 
predicting diffusive methane flux and estimating methane emission 
potential of abandoned shale gas wells. This framework also offers a 
valuable approach to understanding the mass transport in nanoporous 
materials, which is relevant to questions in catalysis, energy storage, and 
beyond. 

According to our analysis, we made the following conclusions.  

1) The relative contribution of Knudsen diffusion, slip and viscous flow 
to total mass transfer is strongly dependent on pore pressure. As 
pressure decreases, Knudsen diffusion increases because more gas 
molecules collide with pore wall.  

2) In shale formations, the driving force of Knudsen diffusion is the 
concentration difference between gas-rich matrix and fracture 
network, whereas viscous flow and slip flow are driven by the 
pressure difference across the reservoir. A large fraction of methane 
emissions from abandoned shale gas wells are due to diffusive 
transport of methane from shale matrix, where Knudsen diffusion 
acts as the primary leakage mechanism. 

3) For the first time, a direct measurement of methane emission po
tential of abandoned shale gas wells is provided. We estimate 
methane emissions from diffusive flux at 3 × 103 to 19 × 103 m3 per 
well per day, which is comparable to the largest emission during well 
operation (flow-back emissions) at 41 × 103 to 680 × 103 m3 per well 
per day. 

Our study provides an analytical tool to estimate methane emission 
potential of abandoned shale gas wells, focusing on diffusive flux from 
remaining gas reserve in shale matrix. For the first time, unrecovered 
natural gas in shale matrix is demonstrated to be a main source of 

Fig. 10. Modeling and experimental results on methane flow flux in 
EGSP shale. 

Fig. 11. Comparison of predictions on flow flux with and without considering 
viscous slip flow, Knudsen diffusion and their interactions. 
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methane emissions from abandoned shale gas wells. Therefore, 
improving shale gas recovery factor through secondary or tertiary re
covery methods are recommended as effective methane mitigation 
techniques. Orphaned shale gas wells, which are a category of un
plugged nonproducing wells, need to be properly documented with 
reservoir attributes so that our proposed tool can estimate diffusion 
methane influx from unrecovered shale gas reserve over time. For 
plugged abandoned wells, research in various plug-in techniques should 
be further advanced in terms of preventing methane leakage via diffu
sion. The observed inverse relationship between diffusion flux and pore 
pressure suggests that maintaining reservoir pressure emerges as an 
effective strategy to reduce methane emission potential from abandoned 
shale gas wells. Given the long-lasting nature of diffusive transport to 
shale gas seepage, it is suggested that regulatory policies should be 
implemented to provide long-term monitoring of methane emissions 
from abandoned shale gas wells. 

Nomenclature 

A Cross sectional area, m2 

c Mean molecular velocity, m/s 
d Pore diameter, m 
fwall Fraction of wall collisions, dimensionless 
f(P) Fraction of gas molecules leaving the viscous stream, 

dimensionless 
F(t) Fraction of gas molecules flowing into the nanopores, 

dimensionless 
Jv Volumetric flow flux, m3/(m2⋅s) 
kt, kk, kv Effective permeability corresponding to flow under 

transitional, pure Knudsen, and pure viscous flow regimes, md 
L Length of travelling path, m 
M Molecular weight, g/gmole 
msam Sample mass, g 
Nwall Total number of molecules impinging upon a unit length of 

wall per unit time, mole/m 
Nmolecule Total number of intermolecular collisions per unit time per 

unit length of wall, mole/m 
n Molar density, mole/m3 

P Pore pressure, Pa 
Pin, Pout Inlet and outlet pressure, kPa 
Pe Adsorption equilibrium pressure, kPa 
ΔP(t) Transient differential pressure readings, Pa 
ΔPe Differential pressure at adsorption equilibrium, Pa 
dP/dL Pressure gradient, Pa/m 
qv Volumetric gas rate due to viscous flow, m3/s 
qs Volumetric flow rate due to slip flow, m3/s 
qk Volumetric flow rate due to Knudsen diffusion, m3/s 
qt Total volumetric flow rate due to viscous, slip and Knudsen 

diffusion flow, m3/s 
R Gas constant, 8.314 m3⋅Pa/(K⋅mol) 
Rads Rate of adsorption, mmole/(g⋅s) 
T Temperature, K 
us, uw Slip and wall velocity, respectively, m/s 
Vsr, Vrr Cell volume of charging cells at the sample and reference 

sides, respectively, m3 

Vss,Vsr Cell volume of sample cells at sample and reference sides, 
respectively, m3 

Vs Sample volume, m3 

Vm Molar volume at standard condition, 22.4e− 5 m3/mmole 
xmin, xmax Lower and upper bound for pore size distribution, m 
Zs, Ze Gas compressibility factor corresponding to transient and 

equilibrium pressures, respectively, dimensionless 
μ Viscosity, Pa⋅s 

λ Mean free path, m 
σv Tangential momentum accommodation coefficient, 

dimensionless 
ρ(d) Pore size distribution 
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