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Shale gas storage and permeability space is between nanometers and micrometers and has strong multiscale characteristics,
resulting in highly complicated shale gas flow. Therefore, the development of shale gas needs to clarify the seepage mechanism
of shale gas and establish a flow model and flow equation that can analyze shale gas flow. In this paper, based on the single
nanotube model, combined with the Weiyuan-Changning shale gas demonstration zone of the target layer of the Longmaxi
formation shale core high-pressure mercury pore throat test results, the contribution of seepage, diffusion, transition flow, and
free molecular flow to shale gas flow was calculated. The contribution of seepage and diffusion is over 95%, and seepage and
diffusion are the main flow pattern. Then, a shale gas seepage and diffusion coupled flow model and coupled flow equation
were established. A method for calculating shale permeability and diffusion was proposed using the relationship between flow
pressure and shale gas velocity. Finally, shale gas flow experiment analysis was carried out to verify that the established shale
gas flow model and flow equation can describe the shale gas flow well. The result shows that the flow rate of shale gas is
composed of seepage flow rate and diffusion flow rate. The seepage flow rate is proportional to the pseudopressure difference
and proportionate to the low-pressure squared difference. The diffusion velocity is proportional to the difference in shale gas
density, and the pressure difference in low pressure is proportional. As the pressure of a shale gas reservoir decreases, the
proportion of diffusion flow increases. The research results enrich the understanding of shale gas flow; it also has particular
reference significance to the development of shale gas reservoirs.

1. Introduction

The continuous deepening of oil and gas exploration and
development increases reserves and production of conven-
tional oil and gas resources [1]. The strategic position of
unconventional oil and gas resources has become more crit-
ical and has gradually become replacement energy for con-
ventional oil and gas resources [2]. As an important
unconventional oil and gas resource, shale gas is widely used
in China and has great development potential [3, 4]. Shale
pore throat is tiny, mostly nanoscale pore throat. Gas flow-
ing in the nanopore throat is different from that of the con-
ventional pore throat, which has a microscale effect and
includes seepage, diffuse, transitional flow, and free molecu-

lar flow [5, 6]. Therefore, confirming the seepage mechanism
and law of clear shale gas and constructing the correspond-
ing seepage model accordingly are of great significance to
the efficient development of shale gas.

At present, the research on shale gas seepage mainly
focuses on flow experiments and theory methods. Gao
et al. [7] studied shale gas flow by flow experiments. Based
on the capillary model and citing solid deformation theory,
Shen et al. [8] studied the dynamic characteristics of gas
molecules percolating in nanoscale pores. Yao et al. [9]
learned shale gas flow and gave shale gas flow by Boltzmann
method or Knudsen law. Geng et al. [3], under the assump-
tion of ignoring adsorption and desorption, established a
flow model that can describe the continuous flow state, slip
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flow state, transition state, andmolecular state of the gas in shale
nanopore throats. Sun et al. [10], considering the effects of mul-
ticomponent slip flow and Knudsen diffusion, proposed a new
model for simulating the transport of multicomponent shale
gas through nanopores in shale formations. Li et al. [11] used
multiple relaxation time lattice Boltzmann method (LBM) sim-
ulations to study the flow characteristics of shale gas in sudden
and gradual contraction channels and explored the influence of
Knudsen number and cross-sectional contraction coefficient on
shale gas transportation. Foroozesh et al. [12] used the pore net-
work model to study shale gas reservoirs’ slip and gas desorp-
tion. Le et al. [13] developed a new calculation model for
coupled airflow in hydraulic fractures and porous shale matrix
within a multiscale modelling framework. Based on the shale
model obtained by physical experiments, Chen et al. [14] used
the MINC-EDFM coupling method to analyze the comprehen-
sive sensitivity factors of the shale gas-water two-phase fractur-
ing production process, including nanopore radius, nonideal
gas effects, and adsorption. Hu and Wang [15] proposed a
modified lattice Boltzmannmodel with effective relaxation time
to simulate the microflow behavior of shale gas in fractal
organic matter and predict reservoir permeability.

Although these studies emphasize various forms of flow
in shale, in the analysis of shale gas flow, the pore throat
radius is assumed to be the same or a single flow pattern
[16–21]. Significantly, the report about how to obtain shale
coupled flow parameters by the experimental method is lit-
tle, receiving shale permeability and diffusion coefficient
from seepage model and diffusion model, respectively, with-
out consideration of the coupling process of shale gas flow
[22–24]. In this paper, first, the contribution rates of various
flow patterns to the shale gas flow rate are calculated, and the
main flow patterns are analyzed of shale gas. Then, a shale
gas flow model was established, the coupled flow equation
of shale gas was deduced, and the calculation method of per-
meability and diffusion coefficient was proposed. These cal-
culation methods determine the coupled flow capacity of
shale gas. The research results enrich the understanding of
shale gas flow, solve the problem about the calculation of
the shale coupled flow parameters, and have particular refer-
ence significance to the development of shale gas reservoirs.

2. Shale Gas Coupled Flow Model

Nanopore throat is dominantly developed in shale; gas flow-
ing in shale has a microscale effect. Knudsen number (Kn) is
a characteristic parameter of microscale flow. Define the
ratio of the molecular mean free path to the flow character-
istic length [22]:

Kn =
λ

d
, ð1Þ

where d is the pore throat diameter (nm) and λ is the
molecular mean free path (nm). λ formulation is given by

λ = κBTffiffiffi
2

p
πδm

2Pm

, ð2Þ

where kB is the Boltzmann constant, 1:3805 × 10−23 J/K ;
T is the temperature, K; Pm is the average gas pressure,
MPa; and δm is the gas molecular diameter, nm, in
which methane molecular free path in standard state is
40 nm.

Gas flow can be divided into four modes by Kn. No-slip
flow: Kn < 0:001, fluid can be regarded as a continuous
medium and flow is no-slip flow, the flow can be described
by the Navier-Stokes (N-S) equation with no slip. It is gener-
ally considered this flow as a seepage in porous media, which
follows Darcy’s law, and flow equation [23]

q1m = A
K
μBg

ρsc
∂P
∂x

: ð3Þ

The continuous flow of slip: 0:001 < Kn < 0:1 have a
microscale effect, and fluid can also be regarded as a contin-
uous medium. There has a strong slip effect in the boundary,
and the flow can be described by the Navier-Stokes (N-S)
equation with boundary effect. It is generally considered this
flow as diffusion in porous media, which follows Fick’s law,
and flow equation [22]

q2m = AD
∂C
∂x

: ð4Þ

Transitional flow: 0:1 < Kn < 10, the continuous medium
assumption is not appropriate, and the Burnett equation can
describe the flow. Free molecular flow: Kn > 10, researchers
study the flow by molecular dynamics method.

Yao et al. [9] presented that the flow capacity of pore
throat can be described by equivalent permeability and gave
equivalent permeability formulation:

Kn =
r2

8 1 + 6Kn

1 + Kn

� �
: ð5Þ

Therefore, the contribution of pore throat (radius ri) in
total flowing

f rið Þ = ΔSi r
2
i /8

� �
1 + 6Kn/ 1 + Knð Þð Þð Þ

∑n
j=1ΔSj r2j /8

� �
1 + 6Kn/ 1 + Knð Þð Þð Þ

× 100: ð6Þ

The Changning-Weiyuan area is China’s current shale
gas field with the largest reserves and production, and it
is also a national-level shale gas field test area. The shale
reservoirs in this area are very representative. To deter-
mine the contribution of the four flow patterns to shale
gas flow, we selected six shale rocks from the
Changning-Weiyuan national demonstration area of shale
gas (permeability 0.004~0.02mD, porosity 1.8~3.3%) and
tested the radius of pore throat by high-pressure mercury.
Maximum mercury intake pressure is approximately
400MPa and can identify the pore throat which radius is
larger than 2nm. Figure 1 shows the cumulative distribu-
tion curve of the pore throat radius. Figure 2 shows the
cumulative contribution of pore throat flow (from the
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minimum size of pore throat). The Knudsen number at
1MPa flow pressure is given in the picture.

Comparing Figures 1 and 2 shows that shale pore throat
is very small, and the pore throat radius over 200nm (Kn
less than 0.01, seepage) accounts for 1.8~7.9%, average
3.7%. The contribution of flow accounts for 67~93%, an
average of 83%, a small proportion of pore throat flowing

belongs to seepage. Still, this proportion of pore throat
belongs to the dominant channel and accounts for the max-
imum proportion of shale gas flow, so seepage is the main
flow pattern from the contribution of shale gas flow. Pore
throat with a radius of between 20 and 200nm (Kn:
0.01~0.1, diffusion) accounts for 3~8%, average 3.7%, the
contribution of flow accounts for 6~22%, intermediate
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Figure 1: Cumulative distribution curve of pore throat radius.
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Figure 2: Cumulative contribution of pore throat flow.
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16.5%, a little proportion of pore throat flowing belongs to dif-
fusion, but diffusion is a vital flow pattern from the contribution
of shale gas flow. Most pore throat radius less 20nm (Kn over
0.1) accounts for 90%, and most pore throat flows are transi-
tional or free molecular flows. But the contribution of flow only
accounts for 0.5%, and it can be ignored. So considering from
the contribution of flow, seepage and diffusion are the main
flow pattern of shale gas, the flow model can be expressed [24]

qm = A
K
μBg

ρsc
∂P
∂x

+ AD
∂C
∂x

, ð7Þ

where qm is the shale gas flow rate, mg/s. The first right item
in the formula is the seepage flow rate, and the second is the dif-
fusion flow rate.

3. Shale Gas Flow Equation and Parameter
Inversion Method

3.1. Physical Model. Shale gas flow is the linear flow of verti-
cal fracture after volume fracturing; shale gas flow can be
recognized by studying linear flow. According to the flow
mentioned above mechanism and the results of model
research, these assumptions are given about shale gas flow:

(1) Flow belongs to linear, isothermal, and stable flow.
The flow line distance is L, the cross-sectional area
is A, the inlet pressure is P1, and the outlet pressure
is P2, as shown in Figure 3

(2) Seepage and diffusion are the main flow pattern of
shale gas, seepage follows Darcy’s law, and diffusion
follows Fick’s law

3.2. Mathematical Model and Derivation. Considering such
as shale gas flow physical model of the 2.1 hypothesis, shale
gas flow rate qm can be expressed by equation (7), rewritten
in the form, introducing gas state equation

Bg =
ZTPsc
TscP

, ð8Þ

C = ϕ
PM
ZRT

, ð9Þ

where Psc is the standard atmospheric pressure,
0.101MPa. Tsc is the standard temperature, 273.15K. T is

the formation or flow experiment temperature, K. Z is the
gas compressibility factor. M is the gas molecular weight. R
is the gas constant, 8.314 J/(mol·K), and Ф is the shale
porosity.

Bring equations (8) and (9) into equation (7), shale gas
mass flow qm can be expressed in the form

qm = ATscK
T

P
μZPsc

ρsc
∂P
∂x

+ AϕDM
RT

∂
∂x

P
Z

� �
: ð10Þ

Introducing pseudopressure function β and density
function δ, expressions are as follows:

β = 2
ðP
Psc

p
μZ

dp, ð11Þ

δ =
ðP
psc

ϕM
ZRT

dp: ð12Þ

Bring equations (11) and (12) into equation (10), shale
gas flow qm also can be expressed in the form from integral
of equation (10):

qm = AρscTscK
2LTPsc

β1 − β2ð Þ + AD δ1 − δ2ð Þ
L

, ð13Þ

where β1 is the inlet pseudopressure, MPa2/(mPa·s). β2
is the inlet pseudopressure, MPa2/(mPa·s). δ1 is the inlet
density, kg/m3. δ2 is the outlet density, kg/m3. Equation
(11) shows that shale flow consists of seepage flow rate and
diffusion flow rate. The seepage flow rate is proportional to
the pseudopressure difference between inlet and outlet. The
diffusion flow rate is proportional to the density difference
between the inlet and the outlet.

In addition, according to the analysis of the gas high-
pressure physical property, gas viscosity and compressibility
factor are almost constant when the pressure is low. For
example, methane viscosity (ranged from 0.018 to
0.019mPa·s) and compressibility factor (ranged from 0.99
and 1.00) are almost constant if pressure is less than
10MPa. The temperature is room temperature, about 25
degrees Celsius. Thus, equation (11) can be modified further
and replaced the expression

Pressure
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FlowmeterValveValve
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Figure 3: Sketch map of shale gas flow.
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qm = AρscTscK
2μZLTPsc

P2
1 − P2

2
� �

+ ϕADM P1 − P2ð Þ
ZRTL

: ð14Þ

Shale gas flow rate under low pressure can also be
expressed by equation (14), which shows that seepage flow
rate is proportional to pressure square difference between
inlet and outlet. The diffusion flow rate is proportional to
the pressure difference between inlet and outlet when shale
flows in low-pressure formation. Shale gas flow patterns
can be determined by the relationship between shale gas flow
rate and the pressure difference or pressure square difference
between inlet and outlet. Seepage and diffusion are the main
flow patterns when shale gas flow is proportional to pressure
square and pressure difference, respectively.

If outlet pressure is constant pressure, for example, out-
let pressure is usually standard atmospheric pressure
(P2 = 0:101MPa) when shale gas displacement experiments
are taken in the laboratory. The relationship between shale
gas flow and inlet pressure is the binomial relationship; per-
meability K and diffusion coefficient D can be given from the
binomial fitting between shale gas flow and inlet pressure;
specific expressions are as follows:

K = 2μZLTPsc

AρscTsc
a, ð15Þ

D = ZRTL
ϕAM

b, ð16Þ

where a is the two-term coefficient of binomial. b is the
one-term coefficient of binomial, as shown in Figure 4.

Further, the contribution of seepage or diffusion to shale
gas rate also can be obtained from equation (11) or (12). The
right-first item is seepage contribution, and the right-second

item is diffusion contribution. Further, it can be determined
which flow is the main flow in shale reservoir.

Only considering seepage or Darcy model, equation (14)
can be simplified to normal pressure square equation [25]

qm = AρscTscK
2μZLTPsc

P2
1 − P2

2
� �

: ð17Þ

Only considering diffusion or Fick diffusion model,
equation (14) can be simplified to normal gas diffusion
equation [26]

qm = ϕADM P1 − P2ð Þ
ZRTL

: ð18Þ

4. Case Analysis

We carried out a coupled flow experiment with shale cores at
diameter 2.5 cm, selected from Longmaxi formation of the
Changning-Weiyuan gas reservoir. The experimental tem-
perature is 26 degrees Celsius. The outlet pressure is the
standard atmosphere, tested shale gas flow rate under differ-
ent inlet pressure. Other experimental parameters, experi-
mental results, and analysis results are shown in Table 1.
Due to inlet pressure lower than 10MPa, gas viscosity and
compressibility factor are constant, so shale permeability is
calculated according to equation (15) based on the Darcy
model. Shale diffusion is calculated according to equation
(16) based on the Fick diffusion model; shale permeability
and diffusion coefficient by the fitting method are calculated
according to equation (12) based on coupled flow model.

Table 1 suggests that the larger the flow pressure is, the
smaller the permeability of shale is calculated according to
the Darcy model. The larger the diffusion coefficient of shale
is calculated according to the Fick diffusion model. Further-
more, the variation of gas permeability and diffusion
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coefficient under different flow pressure is immense, espe-
cially diffusion coefficient. The test results under different
flow pressure differ by five times; the permeability variation
is also up to 30%. The shale permeability and diffusion coef-
ficient obtained by laboratory experiments cannot be
directly applied to the shale reservoir. The conventional
and diffusion equations have some limitations in predicting
shale gas flow. The relationship between gas rate and pres-
sure difference (pressure square difference) significantly
deviates from linear. The former curves fall, the last curve
upwards (Figure 5), showing that there are two kinds of flow

patterns in shale: seepage and diffusion. And, these two
kinds of flow are apparent.

According to the coupled flow equation (i.e., equation
(12)), the shale gas flow rate and inlet pressure curve are
fitted and analyzed, as shown in Figure 4, and the fitting
accuracy is high. The correlation coefficient is close to 1,
which suggests that the shale gas flow equation derived in
this paper is suitable for the analysis of shale gas flow. Shale
permeability K and diffusion coefficient D are calculated by
fitting the two terms and the first term coefficient
(Figure 4, Table 1). It then calculates the gas flow rate by

Table 1: Results of experimental analysis for shale coupled flow.

Core
no.

Length
(cm)

Porosity
(%)

Inlet pressure
(MPa)

Flow rate
(mL/s)

Conventional model Coupled model
Permeability

(μD)
Diffusion coefficient

(mm2/s)
Permeability

(μD)
Diffusion coefficient

(mm2/s)

404 3.21 2.40

1.29 0.0117 1.69 2.7

1.15 1.73

1.93 0.0253 1.63 3.8

2.93 0.0562 1.57 5.5

3.98 0.0991 1.50 7.0

5.12 0.1575 1.44 8.7

7.02 0.2835 1.38 11.3

8.63 0.4147 1.33 13.4

428 2.59 2.60

1.17 0.232 40.9 55.2

27.2 19.0

1.37 0.301 38.6 60.4

1.71 0.451 37.1 71.4

2.16 0.684 35.2 84.5

2.62 0.968 33.8 97.9

3.12 1.327 32.7 111.9

3.60 1.722 31.9 125.3

4.54 2.706 31.5 155.3

5.10 3.316 30.6 169.0
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coupled flow equation (i.e., equation (12)) and compares it
with the measured flow rate (Figure 6). It shows that the cal-
culated flow based on the coupled equation agrees with the
measured flow. The maximum relative error is 5%, and the
vast majority of the error is less than 3% (Figure 6). So, in
the analysis and prediction of shale gas flow, it is advisable
to use the shale coupled flow equation.

Figure 7 shows the ratio of core diffusion flow to total
flow calculated based on the coupled flow model. The fig-
ure shows that the ratio of core diffusion mass flow to
total mass flow has a power function relationship with
flow pressure, and the power exponent is close to -1. Flow
pressure significantly influences the proportion of shale

diffusion mass flow. For example, the proportion of the
diffusion flow rate of the two pieces of shale tested, the
proportion of the diffusion mass flow rate under indoor
low-pressure conditions (flow pressure less than 1MPa)
is close to 50% or even higher. Therefore, it is necessary
to consider the influence of diffusion flow when evaluating
the seepage capacity of shale in laboratory experiments.
When the flow pressure is greater than 10MPa, even if
the permeability of the two shales tested is micro-Darcy,
the diffusion mass flow rate is still less than 10%, which
is very small. Under normal conditions, the contribution
of diffusion to the flow of shale gas under high pressure
in the reservoir is negligible.

Compared with 428# core with 404#, it shows that the
larger permeability is, the smaller the diffusion contribution
is due to the higher the permeability, the greater number of
large pore throat. According to Knudsen’s law, shale gas
flowing in the large pore throat is seepage, so seepage contri-
bution increases and diffusion contribution decreases with
the growth of permeability. This view is consistent with the
existing theory. Further, it suggests that our model is
suitable.

5. Conclusion

(1) There are four flow patterns (seepage, diffusion,
transitional flow, and free molecular flow) in shale,
but the effects of these four modes on shale gas flow
are different, and the difference is significant. So,
when establishing the model of shale gas flow, the
main flow pattern should be determined first

(2) Shale permeability and shale diffusion coefficient are
obtained by conventional flow equation related to
flow pressure, with considerable variation. Calculate
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flow based on the coupled flow equation and test
flow match well, so we can analyze shale gas flow
by coupled flow equation. The permeability and dif-
fusion coefficients obtained from the coupled flow
equations are used to characterize the flow capacity
of shale reservoirs

(3) Seepage and diffusion are the main flow pattern in
domestic developed shale gas reservoirs; the produc-
tion pressure determines well productivity, and the
difference of production squared pressure. The influ-
ence of production pressure difference on well pro-
ductivity increases with the reduction of gas
reservoirs pressure
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