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A model for gas transport in microfractures of shale and tight gas reservoirs is established. Slip flow and Knudsen diffu-
sion are coupled together to describe general gas transport mechanisms, which include continuous flow, slip flow, tran-
sitional flow, and Knudsen diffusion. The ratios of the intermolecular collision frequency and the molecule-wall
collision frequency to the total collision frequency are defined as the weight coefficients of slip flow and Knudsen diffu-
sion, respectively. The model is validated by molecular simulation results. The results show that: (1) the model can rea-
sonably describe the process of the mass transform of different gas transport mechanisms; (2) fracture geometry
significantly impacts gas transport. Under the same fracture aperture, the higher the aspect ratio is, the stronger the
gas transport capacity, and this phenomenon is more pronounced in the cases with higher gas pressure and larger frac-
ture aperture. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 2079–2088, 2015
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Introduction

In the process of diagenesis and hydrocarbon evolution in
shale and tight sandstone reservoirs, pores and microfractures
are generated due to stress variation and hydrothermal fluids pro-
duced.1,2 Planar and regular microfractures with apertures of
0.06–3.3 lm are created in weak planes of tight sandstone reser-
voirs (Figures 1a, b),2,3 while regular and irregular microfrac-
tures are formed in weak planes or organic matter edges of shale
reservoirs (Figure 1c).4 The length and aperture of microfrac-
tures in shale and tight sandstone reservoirs usually distribute in
the nano-microscale with different orientations (Figure 2).2,3

The microfractures with complex geometry are generally simpli-
fied to parallel planar fractures with smooth surfaces to approxi-
mately describe gas flow in shale and tight gas reservoirs.5–8

Gas transport mechanisms in microfractures

Pressure varies in microfractures with the aperture of
nano-microscale distribution2–4,9–11 during the development

of gas reservoirs.12,13 The typical value of Knudsen number
(Kn) ranges from 0.00005 to 2.14 Knudsen number refers to
the ratio of gas mean-free-path to microfracture aperture.
The gas transport process is governed by different mecha-
nisms, including continuum flow, slip flow, and transition
flow, which can be determined based on the different range
of Knudsen number, as illustrated in Table 1.5,7 Different
gas transport mechanisms should be characterized with the
corresponding constitutive equations.15,16 An accurate
description of each mechanism plays an important role in the
dynamic production analysis in shale and tight sandstone gas
reservoirs.17

Microfracture shape and size are the key parameters
affecting or determining the gas transport mechanisms and
apparent permeability; especially, the microfracture aperture
has a significant impact on the economic development of
shale and tight sandstone gas reservoirs.2,18–27 Gas transport
constitutive equations should consider the effects of the
microfracture shape and size.5,7,28 Smolouchowski29 pro-
posed a correction factor for the influence of a microfracture
rectangular section on gas Knudsen diffusion; Kennard30

also derived a similar correction factor, which was adopted
by Eldridge and Brown31; Matson and Quinn32 found that
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the influence of section shape on gas Knudsen diffusion can-
not be ignored, particularly a microfracture section has a
high aspect ratio (a ratio of microfracture width to aperture);
White indicated that the section shape has a significant influ-
ence on gas continuous flow and the corresponding correc-
tion factor was introduced.33 However, there have been very
few studies that have investigated the influences of both
microfracture sizes and section shape at the same time on
the different gas transport mechanisms.

Mathematical models for gas transport in microfractures

Due to high gas compressibility and stress-dependent per-
meability, the gas transport mechanism is quite different
from that of liquid in microfractures.34 Generally, the gas
transport in microfractures may be described by molecular
and continuity models.7

A molecular model, which is also referred to as molecular
simulation, mainly includes a direct-simulation Monte Carlo
method,35 a molecular dynamics simulation method36 and a
lattice Boltzmann method.37 The molecular simulation consid-
ers the attributes of gas molecules with high accuracy.38,39

However, it consumes huge computational resources and
time, which could not be suitable for gas transport simulation
in microfractures of shale and tight sandstone reservoirs.38–43

A continuity model, which is known as Poiseuille’s
equation, can be used to describe the variation of gas

macroscopic properties with space and time and is widely
applied for the gas transport simulation.44 However, under
conditions of low pressure and small microfracture aperture,
the gas molecules slip on the walls and the continuity condi-
tion is not valid, resulting in the continuity model that could
not accurately describe the gas transport.45

A slip model was derived with a modification of a nonslip
boundary condition based on the continuity model,4 which is
widely used to calculate the shale gas transport.5,46–51 The
slip model mainly includes a first-order slip model,52 a
second-order slip model,53 and a Beskok–Karniadakis
model.54 Application results show that the first-order slip
model underestimates the gas transport rate, and the devia-
tion increases with an increasing of the Knudsen number;16

the second-order slip model overestimates the gas transport
rate;16 the Beskok and Karniadakis model introduces a rare-
faction coefficient to improve the accuracy of these two
models; however, the deviation of estimating gas fluxes on
the walls is still high.16 Thompson and Owens19 indicated
that when the Knudsen number is higher, the slip model can-
not degrade into a Knudsen diffusion equation and cannot be
used to describe the Knudsen diffusion. Hence, the current
slip models cannot accurately describe the gas transport pro-
cess with different Knudsen numbers.

Due to the limitations of the continuity model and the slip
model, many authors have tried to build a unified gas

Figure 1. Microfractures in shale and tight gas reservoirs.

(a) Planar microfractures in tight Nikanassin formation in Canada,2,3 (b) Regular microfractures in tight Nikanassin formation in

Canada,2,3 and (c) Regular or irregular microfractures in Woodford shale in the United States.4 [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Typical microfracture distribution extracted from high resolution thin-section image processing in tight
gas Nikanassin formation in Canada.2,3

(a) Microfracture length, (b) Microfracture aperture, and (c) Microfracture orientation. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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transport model which could describe several transport
mechanisms with the combination of models for each mech-
anism, as summarized in Table 2.

So far, a lot of gas transport models were proposed. How-
ever, some models contain unreasonable weight coefficients,
while the other models contain empirical coefficients or are
only suitable for gas transport with a circular section. Hence,
a unified model that covers a fuller spectrum of transport
mechanisms is still required for microfractures with a rectan-
gular section. Such a model is of practical significance to the
development of shale and tight sandstone gas reservoirs.

Slip flow and Knudsen diffusion are two different gas
transport mechanisms. The slip flow occurs when the intermo-
lecular collision dominates, and the Knudsen diffusion takes
place when the wall-molecule collision dominates.15,19 Based
on the slip flow and Knudsen diffusion, a gas transport model
in microfractures of shale and tight sandstone reservoirs is
proposed by coupling these two transport mechanisms
together using the weighted coefficients based on the ratios of
intermolecular collision frequency and wall-molecule collision
frequency to the total collision frequency. As shown in the
remaining of this article, this model can account for contin-
uum flow, slip flow, transition flow, and Knudsen diffusion.
The influences of microfracture section shape, sizes, and pres-
sure on the gas transport are examined based on this model.

Four parts are included in this article: first, different gas
transport mechanisms are elaborated and coupled to build

the gas transport model in microfractures of shale and tight
sandstone reservoirs; second, the model is validated by pub-
lished molecular simulation results; the third part is sensitiv-
ity analysis analyzing the impacts of microfracture section
shape, sizes, and gas pressure on the gas transport, and the
contributions of slip flow and Knudsen diffusion to the gas
transport are also discussed under different production
stages; the last part is a conclusion.

Model

A microfracture in shale and tight gas reservoirs can be
simplified to a plane with rectangular section,6 as shown in
Figure 3. The section geometric parameter of a microfracture
can be represented as follows

Table 2. Comparison and Evaluation of Different Gas Transport Models

Model Description Limitation

Adzumi55–57 Combination of continuum flow and Knudsen diffusion
with contribution weight

Contribution weight factors
are not given

Brown et al.58 Combination of continuum flow and slip flow with linear
additivity

Only for circular section

Scott and Dullien59 Combination of slip flow and Knudsen diffusion with con-
tribution weight

Only for circular section

Browne and John15 Combination of slip flow and Knudsen diffusion with con-
tribution weight

Only for radial flow

Thompson and Owens19 Combination of slip flow and Knudsen diffusion with con-
tribution weight

Only for circular section

Ertekin et al.60 Combination of continuum flow and Fick diffusion with
constant contribution weight

Contribution weight factors
are constant

Liu et al.61 Combination of continuum flow and Knudsen diffusion
with flow section as the contribution weight

Only for circular section

Javadpour46 Combination of slip flow and Knudsen diffusion with linear
additivity

Contribution weight is “1”

Li et al.62 Combination of continuum flow and Knudsen diffusion
with contribution weight

Only for circular section

Prince and Javadpour50 Similar with Javadpour,46 real gas is considered Contribution weight is “1”
Darabi et al.51 Similar with Javadpour,46 the influence of wall roughness

on Knudsen diffusion is considered.
Contribution weight is “1”

Singh and Javadpour5 Combination of convection and Fick diffusion with linear
additivity, the influence of section shape is considered

Contribution weight is “1”

Mohammad et al.7 Combination of continuum flow and Knudsen diffusion
with contribution weight, only the influence of section
shape on Knudsen diffusion is considered

Contribution weight is determined
by experimental data

Figure 3. Scenario of simplified microfracture model.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Different Flow Regimes as a Function of the

Knudsen Number
5

Knudsen number (Kn)

Gas transport mechanismLower limit Upper limit

0 1023 Continuum or Darcy flow (no-slip)
1023 1022 Slip flow
1022 1021

1021 100 Transition flow
100 101
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f5
w

h
(1)

where f is the aspect ratio of the microfracture, dimension-
less; w is the width of the microfracture, m; h is the aperture
of the microfracture, m.

The Knudsen number (Kn) of a microfracture is expressed
below19,28

Kn5
k
h

(2)

where k is the gas mean free path, m. The Knudsen number is
a characterization parameter of a rarefaction effect, which can
be used to determine the different gas transport mechanisms.7

The gas mean free path can be expressed as63

k5
l
p

ffiffiffiffiffiffiffiffiffi
pRT

2M

r
(3)

where l is the gas viscosity, Pa�s; R is the universal gas con-
stant, J/mol/K; T is formation temperature, K; p is the aver-
age pressure between inlet and outlet of a single
microfracture, Pa; M is gas molar mass, kg/mol.

Continuum flow

When Kn< 1023, the intermolecular collisions dominate
and gas flow is continuum flow, which satisfies the continu-
ity condition and can be expressed with the Hagen–Pois-
euille equation5,64

Jv52
/
s

wh3

12l
pM

RT

dp

dl
(4)

where Jv is the mass flux of gas continuum flow in micro-
fractures, kg/s; / is the porosity of microfractures, fraction;
s is the tortuosity of microfractures, dimensionless; l is the
length of the microfracture, m.

Equation 4 considers the influence of the microfracture
porosity and tortuosity on gas transport, illustrating that the
continuum flux is inversely proportional to gas viscosity and
proportional to gas pressure and the gas transport flux will
be very low under low pressure.65

Considering the influences of the section geometry and
size, the gas continuum flow in microfractures can be
expressed as28

Jv52AðfÞ/
s

wh3

12l
pM

RT

dp

dl
(5)

where

AðfÞ512
192

fp5

X1
i51;3;5;:::

tanh ðipf=2Þ
i5

(6)

where A(f) is the section shape factor of microfractures with
the continuum flow, dimensionless, which is not influenced
by the variation of Kn, as shown in Figure 4.

Slip flow

When 1023<Kn< 1021, both the intermolecular and
wall-molecule collisions are comparable and gas molecules
slip on the wall. With a modification of the slip boundary
condition, the gas slip flow can be expressed as28

Jvs52AðfÞ/
s

wh3

12l
pM

RT
ð11aKnÞ 11

6Kn

12bKn

� �
dp

dl
(7)

where Jvs is the mass flux of gas slip flow in microfractures,
kg/s; b is a gas slip constant, dimensionless. If the boundary
is a first-order slip boundary, b 5 0; if the boundary is a
second-order slip boundary, b 5 21; a is a rarefaction coeffi-
cient, dimensionless.

Molecular simulation results show that the gas slip con-
stant b 5 21 is more reasonable within the different Knud-
sen numbers. The rarefaction coefficient is defined to
describe the physical phenomenon that the gas viscosity
decreases with an increase in the Knudsen number. It equals
to 0 during the continuum flow region and increases to a
constant value during molecular flow (this value is a specific
constant for a specific microfracture and gas system), and it
depends on the section shape and gas pressure of microfrac-
tures.7 A lot of experimental or molecular simulation data
are needed to determine the rarefaction coefficients under
different Knudsen numbers. According to molecular simula-
tion results, the relationships of the rarefaction coefficient
and Knudsen number with different aspect ratios in micro-
fractures are shown in Figure 5.28

Equation 7 also shows that the slip effect is obvious with
an increase in the Knudsen number, and the gas transport

Figure 4. The curves for section shape factor with
aspect ratio.

Figure 5. The curves for a ~ Kn with different aspect
ratios.28

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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flux will continually increase; however, even if the Knudsen
number is very high, Eq. 7 cannot be degraded to a Knudsen dif-
fusion equation and cannot describe the gas Knudsen diffusion.

Knudsen diffusion

When the Knudsen number Kn� 1, the wall-molecule col-
lisions dominate and the flow mechanism is Knudsen diffu-
sion, the gas diffusion flux in a circular tube with a radius of
h can be expressed with the Knudsen equation5,64

Jk52
/
s

h3 M

2pRT

� �0:5 dp

dl
(8)

where Jk is the gas Knudsen diffusion flux, kg/s.
Considering the influence of section shape, the gas Knud-

sen flux in a microfracture with a rectangular section can be
expressed as19

Jk52BðfÞ/
s

h3 M

2pRT

� �0:5 dp

dl
(9)

where

BðfÞ5 f2ln
1

f
1

ffiffiffiffiffiffiffiffiffiffiffiffi
11

1
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s" #
1fln f1

ffiffiffiffiffiffiffiffiffiffiffi
11f2
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2
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3
1
ð11f3Þ

3

( )

(10)

B(f) is the section shape factor of the microfracture for
Knudsen diffusion, dimensionless, which is not influenced by
the variation of Kn, as shown in Figure 4. Compared with
the gas slip flow flux, the Knudsen diffusion flux is inde-
pendent of gas viscosity and gas pressure.65

Model establishment

In order to reasonably characterize the contributions of
different transport mechanisms to gas transport in microfrac-
tures of shale and tight sandstone reservoirs, the gas trans-
port model in microfractures is proposed by coupling the
slip flow and Knudsen diffusion with the weighted coeffi-
cients relating to the ratios of intermolecular collision fre-
quency and wall-molecule collision frequency to the total
collision frequency.

The intermolecular collision frequency in microfractures
can be calculated as19,28

fm5
v

k
nhwdl (11)

where fm is the intermolecular collision frequency, 1/s; v is
the average gas thermal kinematic velocity, m/s; n is the
number of gas molecules per unit volume, 1/m3.

The wall-molecule collision frequency in microfractures
can be expressed as19,28

fw5
1

4
nv2ðh1wÞdl (12)

where fw is the wall-molecule collision frequency, 1/s.
The weighted coefficient for slip flow is the ratio of the

intermolecular collision frequency to the total collision
frequency

xvs5
fm

fm1fw
5

1

11
Kn 111

fð Þ
2

(13)

where xvs is the ratio of the intermolecular collision fre-
quency to the total collision frequency, fraction.

The weighted coefficient for Knudsen diffusion is the ratio
of the wall-molecule collision frequency to the total collision
frequency

xk5
fw

fm1fw
5

1

11 2

Kn 111
fð Þ

(14)

where xk is the ratio of the wall-molecule collision fre-
quency to the total collision frequency, fraction.

Combining Eqs. 7, 9, 13, and 14, the gas transport model
in microfractures can be expressed as

Jt5xvsJvs1xkJk (15)

where Jt is the gas transport mass flux in microfractures,
kg/s.

Model Validation

In order to check the model reliability, the calculated
results are compared with the published molecular simulation
results. Based on the continuum flow and Knudsen diffusion
fluxes, the dimensionless gas transport flux in microfractures
can be expressed as

Jt

Jv

5xvsAðfÞð11aKnÞ 11
6Kn

12bKn

� �
1xk

12Kn

p
BðfÞ

f
(16)

Jt

Jk

5xvs

p
12Kn

fAðfÞð11aKnÞ 11
6Kn

12bKn

� �
1xkBðfÞ (17)

where Jt/Jv is the dimensionless gas transport flux based on
continuum flow, dimensionless; Jt/Jk is the dimensionless
gas transport flux based on Knudsen diffusion,
dimensionless.

The model parameters are summarized in Table 3 and the
corresponding results are shown in Figure 6.

Figure 6 shows that (1) in the microfractures with different
section shapes, when 1022<Kn< 10, the dimensionless gas
flux by Scott and Dullien model only for circular section and
Javadpour model with a contribution weight of 1, both have
great discrepancy, compared with molecular simulation data
published by Sone and Hasegawa.66 Furthermore, the results
for Javadpour model overestimate the gas transport flux; (2)
the dimensionless gas flux by new model has great consistency
with molecular simulation data, indicating that the model can

Table 3. Summary of Modeling Parameters Used in the

Calculations

Parameters Symbol (Unit) Value

Microfracture porosity / (fraction) 0.005
Microfracture tortuosity s (dimensionless) 1.2
Microfracture aperture h (m) 5.0 E206
Microfracture width w (m) 5.0 E206/

1.0 E205/
2.0 E205

Initial pressure pint (Pa) 1.7 E107
Final pressure pfinal (Pa) 1.02
temperature T (K) 423
Gas molar mass M (kg/mol) 1.60 E202
Gas viscosity l (Pa�s) 1.75 E205
Universal gas constant R (J/mol/K) 8.3144621
Mole volume of gas at

standard temperature
and pressure state

Vstd (m3/mol) 0.022414

Gas slip constant b (dimensionless) 21
Rarefaction coefficient a (dimensionless) in Figure 5

AIChE Journal June 2015 Vol. 61, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 2083



Figure 6. Comparison of analytic solution calculated by the new model and other data.

Note: the molecular simulation data are obtained by a linear lattice Boltzmann method.66 [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 7. The curves for kt ~ p with different apertures and aspect ratios of microfractures.

(a) h 5 5 lm, (b) h 5 0.5 lm, (c) h 5 0.05 lm, and (d) h 5 0.005 lm. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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describe the gas transport process with the coexistence of sev-
eral transport mechanisms; (3) in the range of all Knudsen
numbers, the minimum gas flux and dimensionless gas flux
appear when Kn 5 1, which is consistent with the gas flux
obtained by molecular simulation or experiments.16,37,67–69 It
also indicates that, during the gas transport process in micro-
fractures, the gas flux decreases and then increases with an
increase in the Knudsen number, which is consistent with the
practical phenomenon that gas flux decreases slowly in the
later time of production in shale reservoirs.70–73

Results and Discussion

The gas transport in microfractures is influenced by the
section shape and size, and the contributions of slip flow and
Knudsen diffusion on gas transport change gradually under
different depressurization production periods. For conven-
ience, the contribution of each transport mechanism on gas
transport can be expressed in the form of apparent
permeability

kvs2w52xvs

lVstd

Mwh

Jvs

dp=dl
5xvsAðfÞ

/
s

h2

12

pVstd

RT
ð11aKnÞ 11

6Kn

12bKn

� �
(18)

kk2w52xk

lVstd

Mwh

Jk

dp=dl
5xkBðfÞ/

s
h2

w
lVstd

1

2pMRT

� �0:5

(19)

kt52
lVstd

Mwh

Jt

dp=dl
5kvs2w1kk2w (20)

where kvs-w is the apparent permeability of gas slip flow in
microfractures, m2; Vstd is the gas mole volume at the stand-
ard state, 22.414 31023 m3/mol; kk-w is the apparent perme-
ability of gas Knudsen diffusion in microfractures, m2; kt

is the apparent permeability of gas transport in microfrac-
tures, m2.

According to Eqs. 18–20, the calculation results are shown
in Figures 7–9.

As shown in Figures 7a, b, when the microfracture
aperture h� 0.5 lm, the gas transport capacity decreases
with the decreasing pressure and microfracture aperture
due to the dominance of gas slip flow in microfractures.
As can be seen in Figure 7c, when the microfracture aper-
ture h 5 0.05 lm, the gas transport capacity first decreases
and then increases with a decrease in pressure. This is
because the gas slip flow dominates first and then

Figure 8. The curves for kvs-w and kk-w ~ p with different apertures and aspect ratios of microfractures.

(a) h 5 5 lm, (b) h 5 0.5 lm, (c) h 5 0.05 lm, and (d) h 5 0.005 lm. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Knudsen diffusion; at the same time, the gas rarefaction
and slippage effects strengthen gradually. As can be seen
in Figure 7d, when the microfracture aperture h 5 0.005
lm, the gas transport capacity continually increases with
the decreasing pressure. This is due to the dominance of
Knudsen diffusion and the obvious rarefaction and slip-
page effects. It can be indicated by Figures 7a–d that,
under the same aperture in microfractures, the higher the
aspect ratio is, the stronger the gas transport capacity is,
which is more pronounced under high gas pressure and
large microfracture aperture.

According to Figures 8a–d, the apparent permeability of
gas slip flow in microfractures decreases with a decrease in
pressure and the apparent permeability of Knudsen diffu-
sion increases with a decrease in pressure; both apparent
permeabilities increase with an increase in the aspect ratio.
Figures 8a, b show that when the microfracture aperture
h� 0.5 lm, slip flow dominates in microfractures and
Knudsen diffusion could be ignored. Figure 8c indicates
that when the microfracture aperture h 5 0.05 lm, slip flow
and Knudsen diffusion have a similar contribution to the
gas transport in microfractures. Figure 8d demonstrates that
when the microfracture aperture h� 0.005 lm, Knudsen
diffusion dominates in microfractures and slip flow could
be ignored.

Figure 9 shows the cross plot of gas pressure and micro-
fracture aperture, and the curve is a contour of the apparent
permeability for slip flow and Knudsen diffusion. The slip
flow dominates in the upper right region and the Knudsen
diffusion dominates in the lower left region. The slip flow
dominates the region with higher microfracture aperture
and pressure, and the Knudsen diffusion dominates the
region with lower microfracture aperture and pressure. The
apparent permeability contour curve moves to the lower left
region with an increase in the microfracture aspect ratio.
The reason is that lower pressure is required for the micro-
fracture with a high aspect ratio in order to achieve equal
contribution of slip flow and Knudsen diffusion, compared
with that with a low aspect ratio under the same microfrac-
ture aperture.

Conclusions

A model for gas transport in microfractures of shale and
tight gas reservoirs is proposed, which can describe all the
gas transport mechanisms including continuum flow, slip
flow, and Knudsen diffusion.

This model can describe the variable contribution of each
mechanism on the gas transport in microfractures during dif-
ferent production stages.

The results indicate that the gas transport capacity is influ-
enced by section shape and sizes of microfractures. Under
the same aperture, the higher the aspect ratio is, the stronger
the gas transport capacity is; this phenomenon is more pro-
nounced under the condition of higher gas pressure and
larger microfracture aperture.

This article does not discuss the effects of stress depend-
ence of permeability and real gas on the gas transport in
shale and tight gas reservoirs, which will be investigated in
our future paper.
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