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Shale matrix, located at Guizhou Province, is rich in nanopores, and gas slippage takes place during shale gas development,
resulting in inapplicability of the classical Navier-Stokes equation. Investigation of gas transmission mechanism in nanoscale is
helpful to reach a clear understanding of shale gas production performance. On the basis of the Knudsen number, the gas flow
mechanism is divided into continuous flow, slippage flow, transition flow, and Knudsen diffusion. Notably, the accurate
characterization of transition flow is still challenging up to date. Although there are many established models, they either fail
to cover all the flow mechanisms or contain many fitting parameters, the determination of which requires a large number of
experimental and molecular simulation data, limiting application of the existing models. Therefore, establishment of bulk-gas
transport model over a wide range of Knudsen number without fitting parameters is urgent. First of all, existed theoretical
models are compared, and the advantages and disadvantages of previous contributions are analyzed. Weight factors of
Knudsen diffusion and slippage flow are obtained, respectively, according to Knudsen’s model and Wu’s model. Then, a model,
free of empirical coefficients, is proposed. After that, effects of pore size, reservoir pressure, and temperature on transmission
capacity are investigated. As the proposed model does not contain fitting parameters and remains high accuracy over a wide
range of Knudsen number, it shares broad application potential, like shale gas production prediction, reserve estimation in

Guizhou Province.

1. Introduction

With decline of global reserves of conventional oil and gas
resources, as one of the potential alternative energy
resources, shale gas development is the frontier and hotspot
[1, 2]. In Guizhou Province, shale gas development will be
great help to reduce coal emission and enhance local eco-
nomic level. However, the corresponding development tech-
nology, equipment, and theory are still weak, especially the
understanding of pore diffusion mechanism in shale matrix,
which makes it difficult to predict shale gas production per-
formance [3]. In view of great difference of gas transport
mechanism at different pore scales, it is necessary to elabo-
rate the pore size range in shale gas reservoirs. Fu et al.
believe that the pore size in coal matrix is less than 100 nm
[4]. Meanwhile, Ozgen Karacan [5] and Siriwardane et al.
[6] indicated that pore diameter of coal matrix is less than
10 nm. The shale porosity is fairly small, and the permeabil-

ity falls into the nano-Darcy level. Howard [7] reported that
the pore radius in shale ranges from 5 to 15 nm. Katsube [8]
found that pore radius of shale, with buried depth of
4400~4500m, is mainly between 2.7 and 11.5nm. Reed
et al. [9] and Wang and Reed [10] believed that pore radius
of shale matrix is between 5 and 1000 nm, and Nelson [11]
measured that the minimum pore radius of shale is about
5nm. As a result, the abundant existence of nanopores in
shale is demonstrated.

At nanoscale, fluid slippage takes place, resulting in the
inapplicability of classical Navier-Stokes equation [12].
According to the range of Knudsen number, gas flow mech-
anism is generally divided into continuous flow, slippage
flow, transition flow, and Knudsen diffusion. In detail, inter-
molecular collision dominates continuous flow, while
molecule-wall collision dominates the Knudsen diffusion.
Because both flow mechanisms are relatively simple, mature
theories have been formed at home and abroad [13-15].
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With the decrease of pressure or the shrinkage of flow chan-
nel, the collision frequency between gas molecules and wall
increases gradually, and the gas flow mechanism changes
from the continuous flow to slippage flow [15]. Aiming at
the characterization method of gas nanopore slippage flow
mechanism, Maxwell [16] proposed the first-order boundary
condition to modify the Navier-Stokes equation. When Kn
< 0.1, the proposed equation fits well with the experimental
results. Utilizing the first-order boundary condition, Ken-
nard [17], Ebert and Sparrow [18], and Spiga [19] analyzed
the characteristics of gas slippage flow in nanopores with dif-
ferent pore geometry. When K > 0.1, there is a great differ-
ence between the experimental observations and the first-
order condition, indicating that the first-order boundary
conditions are not enough to describe the gas slippage effect
[20, 21]. Many scholars successively put forward second-
order boundary conditions, hoping that the modified equa-
tion can be applied to higher Kn. However, considering
the second-order boundary conditions will make the form
of the modified equation complex. Finally, the analytical
solution can accurately characterize its flow characteristics,
and its application range perfectly covers the whole slippage
flow [22-27]. The accurate description of transition flow is
not only a difficulty at home and abroad but also a key prob-
lem to be solved in establishing a bulk-gas transport model
covering entire K»n range. Molecular simulation is generally
used to study the mechanism of transition flow [28-31].
However, despite the rapid development of computer tech-
nology, molecular simulation is still limited by time-
consuming calculation, and it cannot be applied to the field.

Adzumi studied the flow characteristics of gas in capil-
lary through a large number of experiments and proposed
that the determination of fluid flow mechanism depends
on Knudsen number. With the use of weight factor, Adzumi
coupled viscous flow and Knudsen diffusion to characterize
gas flow behavior in the entire Kn range for the first time.
Unfortunately, Adzumi failed to elaborate the expression of
the weight factor [32-34]. Liu [35] gave the specific expres-
sion of the weight factor on this basis, but the established
bulk phase transmission model is only limited to the case
when the Kn is less than 1. Liu et al. [36] utilized the weight
factor to couple Knudsen diffusion and Fick diffusion, but
the weight factor proposed by Liu et al. will not change with
Kn. Javadpour [37-39] combined slippage flow and Knud-
sen diffusion linearly, but it contains an empirical coefficient.
Based on the basic theory proposed by Adzumi, Aguilera
et al. [40] gave the corresponding weight coefficient expres-
sion, but it contains three empirical coefficients. Beskok
[32] corrected the slippage flow by introducing the gas rare-
faction coefficient and extended the formula to the full Kn
range, but it contains three empirical coefficients. The model
proposed by Wu [15] weight superposition between slippage
flow and Knudsen diffusion, however includes three empiri-
cal coefficients. Based on continuous flow and Knudsen dif-
fusion, Rahmanian [41] proposed a bulk-gas transport
model, which is suitable for nanopores with different cross-
sections, and it includes three empirical coefficients. Nota-
bly, the determination of the weight coefficients requires a
large number of accurate molecular simulation and experi-
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mental data, which seriously limits the application of the
existing models in the development of shale gas in Guizhou
Province. As a result, it is urgent to establish a universal
bulk-gas transport model, which is free of empirical
parameters.

2. Bulk-Gas Transport Mechanism

Knudsen number is defined as the ratio of the average free
path of gas molecules to the scale of flowing medium, char-
acterizing gas rarefaction [42]. Then, based on the Kn,
Schaaf and Chambré divide the bulk transport mechanism
of nanoporous gas into four basic types, namely, continuous
flow, slippage flow, transition flow, and Knudsen diffusion
[43]. Among them, it is still challenging to accurately
describe the characteristics of transition flow.

, (1)

where A is the average free path of gas molecules, m, and d is
the pore diameter of porous medium, m.

When Kn < 0.001, the gas transport mechanism is con-
tinuous flow, and the intermolecular collision dominates
the transport process. At this point, the flow characteristics
can be characterized by the nonslip Navier-Stokes equation.
According to the Hagen-Poiseuille equation [15],

r*p d
p ap (2)

]C:_S/,thTm’

where ] represents the flow capacity of continuum flow
mechanism, mol/(m?s); r is the pore radius, m; p is the fluid
flow pressure, Pa; 1, is the gas viscosity, Pa-s; R is universal
gas constant, J/(mol-K); T is the temperature, K; and [ is the
distance in the gas flow direction, m.

When the Kn is between 0.001 and 0.1, the gas nanopore
transmission mechanism is slippage flow, the collision fre-
quency between gas molecules and wall increases gradually,
and the nonslippage condition of continuous flow breaks
down. After decades of research at home and abroad, it is
found that satisfactory results can be obtained by modifying
the slip boundary conditions [44, 45].

rp 4Kn \ dp
= — 1 —, 3
Js SngT< ’ l—bKn> dl (

~

where ], is the transport capacity of gas slippage flow, mol/
(m%s), and b is the gas slippage constant. When b is 0, it rep-
resents the first-order slippage condition, and when the
value is -1, it represents the second-order slippage condition.
Moreover, according to a large number of molecular simula-
tion and experimental data, the fitting effect of the second-
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order slippage condition is obviously better than that of the
first-order, so the expression of nanopore phase transport of
gas slippage flow can be simplified.

rp 4Kn \ dp
]S__S/AgRT (1+ 1+Kn)dl' )

When the Knudsen number is greater than 10, the trans-
mission mechanism of gas nanopores is Knudsen diftusion,
the collision frequency between gas molecules continues to
decline, and the collision frequency between molecules and
wall dominates the transmission process, which can be
expressed by Knudsen equation [37, 39].

o d 8 dp
]k__§\/nRTME' (%)

In view of the dominant collision between gas molecules
and wall in this transmission mechanism, the influence of
wall roughness on gas diffusion must be considered. The
coarser the wall, the weaker the gas diffusion ability. The
relationship can be characterized by the following formula
[15, 43].

d p2 8 dp
= — — f JE—
Je==3 0 nRTM dlI’ )

where & is the ratio of molecular diameter to local pore
diameter, dimensionless, and Dy is the fractal dimension of
pore wall, dimensionless. When the fractal dimension is 2,
it represents a smooth wall and has no effect on the gas
transmission capacity. When the fractal dimension is 3, it
represents a rough wall.

3. Evaluation of Existing Gas Bulk
Transport Models

3.1. Previous Contributions. Knudsen had proposed the
bulk-gas transport model in the field of vacuum science,
and it was widely used to describe the characteristics of tran-
sition flow and molecular free diffusion. However, using this
model will overestimate the transport capacity of slippage
flow, and Knudsen model contains two fitting parameters.
In order to facilitate the comparison between the models in
the following, the existing models are dimensionless [42].
The accuracy of the model at high Knudsen number is ana-
lyzed by the ratio of all Knudsen bulk phase model to Knud-
sen diffusion (J,/J,), and the accuracy of the model at low
Knudsen number is analyzed by the ratio of all Knudsen
bulk phase model to continuous flow (J,/J,). For Knudsen
model,

Ja 37 1+2.507(1/Kn)

= +
Ji 64Kn 1+3.095(1/Kn)

64Kn (2.507
Jo _y, OAKm (23073 (8)
7. 37 \3.005

, (7)

In the above formula, ] characterize the gas transmis-
sion capacity proposed by Knudsen under the whole Kn
range, mol/(m”s).

Adzumi studied the flow characteristics of mixed gas in
capillary through a large number of experiments and pro-
posed the use of weight factor to couple viscous flow and
Knudsen diffusion to characterize full Knudsen flow for the
first time [33-35]. It is proposed that the weight factor
slowly increases from 0.7 to 1 with the decrease of pressure.
When the pressure decreases to a very low level, the value is
1. At this time, molecular free diffusion is the main transmis-
sion form. Unfortunately, Adzumi did not give the specific
expression of the weight factor.

Joa =J o+ €]y 9)

In the above formula, ], characterize the gas transmis-
sion capacity proposed by Adzumi for the whole Knudsen
number, mol/(m>s), and & is the weight factor,
dimensionless.

Beskok [32] modified the slippage flow by introducing
the molecular rarefaction coefficient and extended the for-
mula to the full Kn range. It can achieve good match with
the molecular simulation data and experimental results,
but it contains two empirical coeflicients.

2
p 4Kn \ dp
=- 1+aK 1+ ——— | =, 10
Joo=~gurr 1+ @ ”)< +l—bKn) dl (10)
Jab 3 4Kn
20— 1+aK 1 , 11
7, oakn O ")< +1—bKn) (1)
Jab 4Kn
]—C—(1+ocKn)<l+m), (12)
a=a 2 tan™! ((x Knﬁ>. (13)
07'[ 1

In the above formula, ], characterize the gas transmis-
sion capacity proposed by Beskok for the total Knudsen
number, mol/(m>s); & is the gas rarefaction coefficient and
increases with the increase of Kn. In this paper, « is 4 and
B is 0.4. Figure 1 shows the variation curve of the gas sparsity
coefficient with Knudsen number when « takes 1.19 and
1.358, respectively. Gas rarefaction coeflicient increases
slowly with the increase of Kn. When the Kn rises to a very
high level, the coefficient remains basically unchanged.
Moreover, for Beskok model, different fitting parameters will
have a great impact on the calculation results, and the fitting
parameters often need to be determined through a large
number of experimental and molecular simulation data,
which limits the practicability of the model.

Liu et al. [36] applied the concept of Adzumi weight fac-
tor, namely, formula (10), to simulate the gas slippage effect
in porous media. Liu et al. believed that the thickness of slip-
page layer in different nanopores was different and used the
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weight factor to characterize the proportion of slippage layer
in the flow channel.

e =4Kn - 4Kn?, (14)
3
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In the above formula, ] characterize the gas transmis-
sion capacity proposed by Liu et al. for the whole Knudsen
number, mol/(m?s).

Javadpour [37] corrected the influence of slippage phe-
nomenon on continuous flow transmission capacity through
dimensionless coefficient proposed by Brown [46, 47]
according to slippage flow and Knudsen diffusion and added
them linearly to describe the transmission characteristics of
gas in shale nanopores. Subsequently, Azom [38] and Darabi
[48], respectively, considered the influence of real gas effect
and wall roughness on the basis of the Javadpour’s model.
Since both Azom’s and Darabi’s model are based on Javad-
pour’s model, only Javadpour’s model and molecular simu-
lation data need to be compared here.

Joi=Fl.+ ]
8nRT\ " u (2
F=1+ —(—=-1),
M Pr \w
. 2 (17)
Joi [y sskn(? -1)] 7 41,
P w 128Kn
ai 2 128K
Joi _yygkn(? -1+ 128K
J. w 3

In the above formula, J,; characterize the gas transmis-
sion capacity proposed by Javadpour, mol/(m?s); F is the
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tangential increment coefficient of gas molecular momen-
tum, which represents the ratio of molecular viscous colli-
sion to mirror collision. This value varies from 0 to 1.
Meanwhile, its determination depends on wall roughness,
gas type, temperature, pressure, and many experimental
results [49]. Dimensionless parameter F is always greater
than 1, and when the bulk flow mechanism becomes contin-
uous flow and slippage flow, the parameter maintains small.
While flow mechanism becomes transition flow and Knud-
sen diffusion, the parameter increases with the increasing
Kn.

Based on Adzumi’s weight factor idea, Rahmanian [41]
proposed the corresponding weight factor, coupled continu-
ous flow and molecular diffusion, and established a bulk-gas
transport model covering entire Kn range, but the model
contains three fitting parameters.

]ar = (1 _s)]c+€]k’
—-Kn \1° (18)
£=Ca {1 i <Km/isc>] '

In the above formula, J,, characterizes the gas transmis-
sion capacity proposed by Rahmanian for the total Knudsen
number, mol/(m*s). It is the critical Knudsen number, indi-
cating that the slippage flow of the conveyor is transformed
into molecular free diffusion, and both are fitting parame-
ters. For nanoround holes, the corresponding fitting param-
eters C, are K, 2.2, 0.3, and 5.

nvisc

1-C,(1-e —Kn \\®

- —ex

A P Knvisc
—Kn $

C 1_ b

" A( &P (Knvisc))

_ S
hzl—CA<l—exp ( Kn >)
J. Knvisc
19)

oy —-Kn \\®128Kn
—ex .
A P Knvisc 3

Based on slippage flow and Knudsen diffusion, Wu [15]
proposed a model to weight superposition the above two
mechanisms, in which ratio of intermolecular collision fre-
quency and collision frequency between molecule and pore
wall are set as the weight factor for slip flow mechanism
and Knudsen diffusion, respectively. Formula for slip flow,
proposed by Beskok, is utilized by Wu; therefore, the model
proposed by Wu also contains three fitting parameters.

3
128Kn

Jar _
k

Kn

= 20
ST 1vKn (20)
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In the above formula, ], characterizes the gas transmis-
sion capacity proposed by Wu for the whole Knudsen num-
ber, mol/(m?>s); « is the gas rarefaction coefficient.

3.2. Evaluation. In order to analyze the accuracy of each
model, the calculated values of each model are compared
with the results of molecular simulation [50]. The accuracy
of the model at high Knudsen number is analyzed by the
ratio of total Knudsen bulk phase model to Knudsen diffu-
sion (J,/J;), and the accuracy of the model at low Knudsen
number is analyzed by the ratio of total Knudsen bulk phase
model to continuous flow (J,/],). For the bulk-gas transmis-
sion of nanotubes under the full Kn range, the values of fit-
ting parameters in the above model are shown in Table 1.
According to Figure 2, when Knudsen number is
between 0.001 and 0.01, the ratio of existing bulk-gas trans-
port model to continuous flow is close to 1, indicating that
the bulk-gas transport capacity can be characterized by con-
tinuous flow equation when Knudsen number is low. As the
Knudsen number continues to increase, the value continues
to rise, showing the characteristics that slippage contributes
to the transmission capacity. Among them, Javadpour’s
model rises the fastest and has the largest gap with the
molecular simulation results, overestimating the bulk phase
transmission capacity. Liu’s model is consistent with the
molecular simulation results when the Knudsen number is
less than 0.1. When the Knudsen number is greater than
0.1, the calculated value of the model is higher than the
molecular simulation results, indicating that Liu’s model
can characterize the characteristics of continuous flow and
slippage flow but overestimate the transmission capacity of
transition flow. The predicted value of Rahmanian’s model
underestimates the bulk-gas transmission capacity when
the Knudsen number is less than 0.6 and overestimates the
gas bulk phase transmission capacity when the Knudsen
number is greater than 0.6. The trend of Knudsen’s, Bes-
kok’s, and Wu’s models is consistent with the molecular
simulation results fairly well. Among them, Knudsen model
slightly overestimates the bulk-gas transmission capacity. In
Wu’s model, when the Knudsen number is less than 0.3, the
calculated value is slightly lower than the molecular simula-
tion result, and when the Knudsen number is greater than
0.3, the calculated value is slightly higher than the molecular
simulation result. Beskok’s model performs best at low
Knudsen number, and the error between Beskok’s model
and molecular simulation results is always the smallest.
According to Figure 3, due to the unreasonable expres-
sion of the weight factor of Liu’s model, when Knudsen
number is greater than 1, the weight factor is negative, so
its predicted value cannot represent gas transmission capac-
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o 4 K nvisc 0.3
B 0.4 S 5
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- .
\?v //
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//
48 /ol
/ !
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P
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Knudsen number
A Molecular simulation  ----- Knudsen's model
-—-— Beskok's model

Javadpour's model

——~ Liu's model

——- Rahmanian's model

-—--- Wu's model

F1GURrE 2: Comparison of existing models and molecular simulation
results under low Kn.

ity under high Knudsen number. Javadpour’s and Rami-
nian’s model overestimates the bulk-gas transmission
capacity by 2.2 times and 1.9 times at high Knudsen number.
Knudsen’s, Beskok’s, and Wu’s models fit well with the
molecular simulation results. When Knudsen number is less
than 10, the calculated value of Knudsen’s model is slightly
higher than the molecular simulation results, and the calcu-
lated value of Wu’s model is lower than the molecular sim-
ulation results with a large error. When Knudsen number
is greater than 10, the calculated results of the two models
almost coincide and are slightly higher than the molecular
simulation results. Beskok’s model still performs best under
high Knudsen number. When Kn is less than 1, the calcu-
lated value is slightly lower than that of molecular simula-
tion. Comprehensive analysis of the comparison results
between existing models and molecular simulation shows
that Beskok’s model shares the highest accuracy. However,
the model contains three fitting parameters, which further
highlights the necessity of establishing bulk-gas transmission
model without fitting parameters. Comparing the establish-
ment methods of the Beskok’s model and Wu’s model, it
can be demonstrated that Beskok extends the slippage flow
equation to the total Knudsen number by introducing gas
sparsity effect, while Wu’s model used the weight factor to
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o Molecular simulation

-~ Knudsen's model
-—-- Javadpour's model
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——- Beskok's model
——- Liu's model
-—-- Raminian's model

FiGure 3: Comparison of existing models and molecular simulation results under high Kn.

couple the slippage flow and molecular diffusion. For Wu’s
model, the adopted slippage flow mechanism includes fitting
parameters, eventually leading to establishment of the model
relying on the fitting parameters. However, this kind of
method is suitable for establishing the bulk-gas transmission
model without fitting parameters.

4. Establishment of Bulk-Gas Transport Model

Through the comparison of the above models, it can be seen
that there are four kinds of bulk-gas transmission models
using the concept of weight factor. Among them, the weight
factor of Liu’s model is negative when the Knudsen number
is greater than 1, which is obviously unreasonable. Javad-
pour’s model and Raminian’s model used weight factors to
couple continuous flow and Knudsen diffusion. Because
the gas slippage effect is not covered by their flow mecha-
nism, these two models need to use weight factors with fit-
ting parameters. Moreover, through the comparison, the
errors of the two models are large, indicating that their
weight factors are unreasonable. Wu’s model couples slip-
page flow and Knudsen diftusion, and slippage flow contains
the fitting parameters of Beskok’s model. When Knudsen
number is between 0.1 and 10, that is, transition flow, there
is a large error between the calculated value of the model and
molecular simulation, but its weight factor does not contain
fitting parameters, and the model can accurately describe the
characteristics of slippage flow. Therefore, formula (22) can
be used to determine the weight factor of slippage flow in
the proposed model in this article.

Knudsen’s model is widely used in vacuum science and
can accurately describe transition flow and molecular diffu-
sion, which can also be obtained from the comparison in
the previous section. Therefore, formula (8) can be used to
determine the weight factor of Knudsen diffusion in the
new model. Based on Wu’s model and Knudsen’s model,
the weight factors of slippage flow and Knudsen diffusion

12000

10000 -

8000 -

6000 -

Ratio of J.to],

4000 -

2000 -

0 T T
0.00001 0.001 0.1 10 1000

Knudsen number

F1GURE 4: Ratio of continuous flow and Knudsen diffusion with
different Kn.

are determined by referring to their expressions,
respectively. Smooth nanopore surface is assumed; thus,
the wall fractal dimension is 2.

1 Kn +2.507
= + R 23
Jas 1+5Kn’* Kn+3.095"F (23)
Jos 3 s 4Kn 1 . Kn +2.507
]_k T 128802k n 1+Kn)1+5Kn Kn+3.095"
(24)

8P (Kn +2.507)Kn 128
Kn +3.095 3n
(25)

J as 4Kn 1
=1+ +
J. 1+Kn) 1+5Kn



Geofluids

In the above formula, ], characterizes the gas transmis-
sion capacity proposed in this paper for the full Knudsen
number, mol/(m?s).

J. 3
e % 26
Je  1288P7%Kn (26)

The bulk-gas transport model without fitting parame-
ters, proposed in this paper, can accurately describe the
characteristics of each flow mechanism under entire Kn
range. When the Knudsen number is very small, it can be
seen from formula (3) that J¢ will degenerate to J.. It can
be seen from Figure 4 that ] is much greater than J; then,
formula (24) will degenerate into a continuous flow equation
at low Knudsen number. When Knudsen number is maxi-
mum, according to formula (24), J,, directly degenerates
into Knudsen diffusion equation. When the flow mechanism
is slippage flow and transition flow, it can be verified by
comparing the calculated values of the model with the
molecular simulation results and (J,/Jc) and (J,/Jk),
respectively. The specific comparison results are shown in
Figure 5. The analysis shows that the model can reach an
excellent match with molecular simulation results, which
shows that the proposed model can still be perfectly applica-
ble in the slippage flow and transition flow. To sum up, the
established nonfitting parameter bulk-gas transport model
can accurately describe all flow mechanisms under the full
Knudsen number, and its reliability has been verified.
Because the model does not contain fitting parameters, it
can be directly used to evaluate the gas transmission capacity
under different reservoir conditions, demonstrating its sim-

plicity and practicability.

5. Bulk-Gas Phase Transport Capacity during
Shale Gas Development

In the development of oil and gas resources, the most impor-
tant evaluation parameter of reservoir quality is permeabil-
ity, which represents the gas transmission capacity. In
conventional reservoirs, due to the absence of a large num-
ber of nanopores and high formation pressure, the general
flow mechanism is continuous flow. In this case, the bulk
phase transmission capacity is close to a constant. However,
for unconventional reservoirs with massive nanopores, the
gas transmission mechanism is generally slippage flow and
transition flow, and its bulk phase transmission capacity
depends on the formation pressure, temperature, and the
corresponding pore scale, in which the temperature has little
effect on the transmission capacity. In view of the continu-
ous decrease of reservoir pressure in the development pro-
cess, it is necessary to focus on the analysis of bulk-gas
transmission capacity of different pore scales under different
reservoir pressure conditions. In the following analysis, the
gas is pure methane, and the reservoir temperature is set to
313k

It can be seen from Figure 6 that in the process of gas
reservoir exploitation, the bulk-gas transmission capacity of
different nanopores keeps an upward trend with the decrease
of reservoir pressure, and the rising range is closely related to

3.5

The proposed model
[ 9]
\

0.5 1 1.5 2 2.5 3 3.5
Molecular simulation results

-—-- Diagonal line
® Ja/Jk
A Ja/c

FiGURrk 5: The comparison between proposed model and molecular
simulation results.
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-—-- Radius = 3 nm
-—- Radius = 5nm
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-—-— Radius = 1 nm
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Radius = 30 nm

FIGURE 6: Gas transport capacity in different nanopores during the
production process.

the pore scale. The smaller the pore radius is, the faster the
bulk-gas transmission capacity is improved. When the local
formation pressure is greater than 10MPa, the bulk-gas
transmission capacity can be characterized by continuous
flow equation. When the pressure is between 1 and
10 MPa, the transmission capacity of nanopores with differ-
ent scales increases slowly with the decrease of pressure.
When the pressure is less than 1MPa, the transmission
capacity increases rapidly. For 1 nm pores, the transmission
capacity is about 200 times that of continuous flow, and for
3nm and 5nm pores, it is about 60 times and 40 times. Once



the pore size exceeds 30nm, its bulk phase transmission
capacity is not sensitive to the change of reservoir pressure,
and lifting range is no more than 6 times compared with
continuous flow.

In view of the small variation range of pore transmission
capacity greater than 30 nm with pressure, the transmission
characteristics of pores above 30nm will not be analyzed
next. For the same pores, the contribution of slippage flow
and Knudsen diffusion mechanism to the overall transmis-
sion capacity is different with the decrease of pressure. In
this paper, the contribution factors of Knudsen diffusion
and continuous flow to the overall transmission capacity of
nanopores are defined as follows.

1
Fy = ,
k7 (171 + 5Kn) (Kn + 3.095/Kn +2.507) (J/J ;) + 1

1
F, = :
<7 1+ (1+5Kn)(Kn +2.507/Kn +3.095) ], /],

(27)

The relationship between them and reservoir pressure is
shown in Figure 7. When the reservoir pressure is between
10 and 40MPa, the bulk-gas transmission greater than
3nm is mainly contributed by slippage flow, but with the
decrease of pressure, the contribution of slippage flow grad-
ually decreases and the contribution of Knudsen diffusion
gradually increases. When the reservoir pressure is less than
10 MPa, the contribution of slippage flow to pores larger
than 3 nm decreases rapidly, and the contribution of Knud-
sen diffusion increases rapidly. When the pressure is
0.1 MPa, the bulk-gas transmission characteristics of such
pores can be completely characterized by Knudsen diffusion.
For pores with a radius of 1nm, the contribution of each
transport mechanism to the overall bulk phase transport
capacity varies approximately linearly with the pressure,
and when the reservoir pressure is 40 MPa, the contribution
of Knudsen diffusion (0.31) is significantly higher than that
of pores with a radius of 3nm and above (0.12 and 0.08),
indicating that the nanoscale bulk phase transport capacity
and transport type are highly sensitive to the pore radius.

The transport characteristics of nanopores at full Knud-
sen number can be analyzed by the ratio of the established
nonfitting parameter full Knudsen number bulk phase trans-
port model to continuous flow and Knudsen diffusion. As
shown in Figure 8, when the Knudsen number is extremely
small, the value of (J,/J.) approaches 1, indicating that
the continuous flow can be used to describe the flow charac-
teristics of this stage. When Knudsen number is extremely
large, value of (J/J;) approaches 1. At this time, Knudsen
diffusion can characterize the transmission characteristics.
These are consistent with the existing understanding, which
verifies the reliability of this model to a certain extent.
According to the mechanism of slippage flow and transition
flow, which are generally concerned, it can be seen from
Figure 8 that the model in this paper also has high accuracy,
so it can be used to analyze the flow characteristics in these
two states. According to the analysis of Figure 8, (J./J,)
increases linearly with the increase of Knudsen number.
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FiGure 7: Contribution of different transport mechanisms during
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FiGUre 8: The bulk-gas transport capacity curve with different
Knudsen number.

When the Knudsen number is less than 1, (J,/J,) decreases
rapidly with the increase of Knudsen number. When the
Knudsen number is greater than 1, the value no longer
decreases and approaches 1. When the Knudsen number is
greater than 10, the value is stable at 1. This shows that the
change law of bulk phase transmission capacity changes in
the transition flow stage, and the Knudsen number of 1 is
the critical point of the change law.

6. Conclusions

(1) By comparing and analyzing previous models and
molecular simulation data, it is found that Liu’s
model cannot characterize gas transmission capacity
when Kn is greater than 1. Models, established by
Javadpour and Raminian, overestimate the bulk-gas
transmission capacity under high Kn. The Knudsen,
Beskok, and Wu models can reach a favorable
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match. When Kn is less than 10, the calculated
results of Knudsen model are slightly higher than
that of molecular simulation. Also, the calculated
data of Wu’s model underestimates the bulk-gas
transmission capacity

(2) An analytical model of full Knudsen number gas
bulk transport without fitting parameters is estab-
lished for the first time. The model is suitable for
accurately describing all flow mechanisms for the
entire Kn range, and its reliability is verified by com-
parison with molecular simulation. Because the
model does not contain fitting parameters, it can be
directly used to evaluate the gas transmission capac-
ity and field data processing under different reservoir
conditions, which reflects its simplicity and strong
practicability

(3) With the decrease of reservoir pressure, the trans-
mission capacity of bulk-gas keeps an upward trend,
and the rising range is closely related to the pore
scale. The smaller the pore radius is, the faster the
transmission capacity of bulk-gas is improved. In
the process of gas reservoir exploitation, with the
decrease of reservoir pressure, the contribution of
slippage flow gradually decreases and the contribu-
tion of Knudsen diffusion gradually increases. By
further analyzing the variation characteristics of
bulk-gas transmission capacity in the transition flow,
it is found that the Kn of 1 is the critical point of
bulk-gas transmission capacity changing to Knudsen
diffusion
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