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A B S T R A C T

Within microchannels, rarefied gas molecules frequently interact with the channel wall, resulting in non-zero
velocity at the wall. This phenomenon is known as the gas slippage effect or Klinkenberg effect in porous media.
Although the gas slippage effect of single component gas has been thoroughly investigated, an accurate corre-
lation to account for the gas slippage effect in multicomponent gas flow has not been formulated so far. In this
paper, we aim to quantify the multicomponent gas slippage effect by deriving a non-empirical second-order
correlation.

Our approach is based on kinetic theory. We calculate the mean free path of gas mixtures, and capture the loss
of horizontal flux momentum of gas flux after the molecules diffusively reflect at the wall. The horizontal flux
momentum acts as shear stress on gas flow. In this sense, the loss of momentum induces reduction of viscosity
and enhancement of mass transfer. By quantifying the loss of horizontal momentum as well as the reduction of
viscosity, we can solve the gas slippage coefficient for the multicomponent gas flow system.

Our model captures the mass transfer mechanism of gas mixtures at low pressure (near-ideal condition). The
accuracy of our model has been validated by both molecular-level simulation data and physical experimental
data. The difference between our results and benchmark data is within 10% for Knudsen number up to 1.

Our model can be readily applied to the numerical simulation of unconventional gas formations.

1. Introduction

As discovered by Maxwell [1], when gas flows through narrow
channels, the mass transfer rate increases due to momentum loss on the
wall of the channel. In the micro scale, the gas becomes rarefied, and
Navier-Stokes equation that is based on continuous assumptions is no
more valid [2]. In this sense, the gas flow should be investigated from a
kinetic viewpoint [3,4], and Boltzmann equation [5] should be
adopted.

In the rarefied gases, the average distance that a gas molecular can
move without any collisions is defined as the mean free path. The ratio
between the mean free path and the flow channel diameter is defined as
the Knudsen number, which is for the quantification of the magnitude
of the gas-wall interaction effect. The gas-wall interaction results in the
enhancement of mass transfer rate and is observed as an ‘apparent’
boundary slippage phenomena. Maxwell [1] brought out the very first
slippage boundary condition, as shown in Eq. (1)
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In this equation, u is the flux velocity at the boundary, σ is the
Tangential Momentum Accommodation Coefficient (TMAC), which
quantifies the ratio of momentum transfer on the boundary and λ is the
mean free path of the gas. n denotes normal direction and s denotes
(flat) surface. The detailed explanations of symbols used in this paper
can be found in the Nomenclature list. A general form of the slippage
boundary condition can be expressed as
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As shown in Eq. (2) the boundary slippage velocity is a multiple
order function of the velocity gradient. In Eq. (2), the term C1 and C2

are the coefficients of first-order velocity gradient and second-order
velocity gradient, respectively. By comparing Eqs. (1) and (2), it can be
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seen that Maxwell’s slippage boundary condition is a first-order
boundary condition with a constant coefficient.

In the petroleum industry, gas slippage effect exists in the flow of
gas through the pores of unconventional formation rocks which rang
from several nanometers to several micrometers. Klinkenberg firstly
discovered that the apparent gas permeability Ka could be larger than
absolute rock permeability ∞K and brought out a general model to
quantify such effect, which was later named after him, as shown in Eq.
(3).
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In the above equation, b is an empirical parameter. Since ∝λ P1 ,
Klinkenberg’s correlation can be viewed as an empirical first-order
slippage model.

Knudsen [6,7] investigated the diffusion effect induced by mole-
cular-wall interaction for high Knudsen numbers and brought out the
Knudsen diffusion effect along with the Knudsen diffusion coefficient.
Pollard and Present [8] later studied the gas diffusion process in a long
channel. According to Pollard and Present [7]’s model, Knudsen diffu-
sion coefficient is the ‘extreme’ value for very high Knudsen numbers
(extremely narrow flow channel). The diffusion coefficient decreases
from Knudsen diffusion coefficient continuously to molecular diffusion
coefficient as the Knudsen number decreases from infinitely large to
infinitely small. Recently, the impact of surface geometry on Knudsen
diffusion has also been investigated [9].

Rarefied gas flow and its associated gas slippage model has a wide
range of applications in vacuum science [10], the design of micro-
fluidics [11,12], aerospace engineering [13], microelectromechanical
systems (MEMS) [14,15] and unconventional gas formations [16–21].
To simulate the rarefied gas flow, many numerical approaches have
been proposed and applied. Direct Simulation Monte Carlo (DSMC)
[22–26] directly tracks the motion of molecules. In this way, DSMC is
able to obtain accurate results. DSMC has been used to obtain slippage
boundary conditions [27] and to study the flow inside microchannels
[28]. The limitation of DSMC is also obvious, that it is in need of huge
computational capability.

Lattice Boltzmann Method (LBM) ([29,30]) solves Boltzmann
equation on a grid-like lattice. LBM has been successfully applied to
‘mesoscale’ microfluid simulation for low to moderately high Knudsen
number [31–33]. However, it should be noticed that LBM itself still
requires a slippage boundary condition [34].

DSBGK method (direct simulation based on Bhatnagar–Gross–Krook
equation) [35] is a promising method for rarefied gas dynamics.

Compared to DSMC, DSBGK is less computationally consuming. Li [36]
adopted DSBGK method to study the Klinkenberg effect with a two-
dimensional digital rock and benchmarked against the traditional em-
pirical Klinkenberg’s correlation.

Gas kinetic scheme [37–39] is another appealing approach to nu-
merically simulate the rarefied gas flow. Ohwada and Xu [40] com-
bined gas-kinetic scheme with Burnett equation (a higher order ap-
proach [4]) to solve for the velocity profile as well as pressure/
temperature distribution of gas flow inside microchannels.

Besides Burnett equation, numerous higher order continuum hy-
drodynamics approaches, including super-Burnett equation [41], Eu’s
generalized hydrodynamics approach [42], BGK-Burnett equation [43],
13-moment approach [44] and many more, have been proposed and
studied. However, as pointed out by Lockerby et al. [45], these ap-
proaches may have instabilities and in general fail to match DSMC re-
sults well.

In recent years, more physical factors have been taken into the
consideration of numerical approaches, such as the surface geometry
[9,46], and the near-surface viscosity effect [47]. The flow in un-
conventional oil/gas formations is typically under high-temperature
high-pressure conditions [48]. Moreover, in shale/clay reservoirs, when
hydrogen molecules flow through the micro/nano scale channels in
kerogen, the surface of the kerogen (as organic matter) has certain
preference to gas components, which leads to the surface preference
effect [28,49] as well as gas adsorption/desorption processes. There-
fore, the slippage model in unconventional formations involves more
complex multiphysical processes, including the surface diffusion in the
adsorption layer [50], the impact of the pore-network geometry [51],
the impact of the surface roughness [51], the real (dense) gas effect
[52,53], the mechanical impact [54] and so on. Song et al. [55] brought
out a comprehensive model for the calculation of gas apparent per-
meability of shale by considering stress effect, slippage effect and sur-
face diffusion effect. Song’s model can also be combined with our
proposed model. The pore-network geometry of unconventional for-
mations can be re-constructed by digital rock techniques. Yang et al.
[56] brought out a novel approach to characterize the pore space
geometry, in which the inorganic pore digital core and the organic pore
digital core is constructed by the multiple point statistics method, and
the Markov chain Monte Carlo method respectively.

As discussed above, the slippage boundary condition is of great
importance in the quantification of rarefied gas flow. During the past
years, numerous boundary conditions, including first order and second
order condition, have been proposed. Among the proposed formulation,
some representative models are as follows. Cercigani [57] derived a

Nomenclature

b Klinkenberg factor
C slippage coefficient
D pore diameter
Ei exponential integral function
i component index
j component index
kB Boltzmann constant

∞K absolute permeability
Ka apparent permeability
KN Knudsen number
M1 momentum transported by Type 1 molecules
M2 momentum transported by Type 2 molecules
Mu momentum transported by molecules from above
Mb momentum transported by molecules from below
M molecular weight
nt total number density
N number of molecules

QD dimensionless flow rate
P pressure
R gas constant
S flow rate enhancement factor
T temperature
δ collision (kinetic) diameter
u flux velocity
τ unit volume
V thermal velocity
x horizontal dimension
xi mole fraction of ith component
z vertical dimension
φ spherical angle
ω radial angle
λ mean free path
ρ density
σ Tangential Momentum Accommodation Coefficient

(TMAC)
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second order boundary condition from the linearized Boltzmann
equation. This boundary condition was later validated by Hadjicon-
stantinou [58]. Beskok and Karniadakis [59] proposed an empirical
correlation to quantify the flow within multiple geometries for a wide
range of Knudsen numbers. Wu and Bogy [60] used gas kinetic theory
to address this problem and derived a simple yet accurate second-order
model for relatively low Knudsen numbers that is below 1. They in-
vestigated the momentum loss on the pore wall with the kinetic theory
of gases. Their model was later extended to higher Knudsen numbers
[61]. Zhang et al. [62] and Wang et al. [63] have conducted thorough
reviews and comparisons on the slippage effect and Klinkenberg phe-
nomena respectively. From their observation, Wu [61]’s model is the
most accurate non-empirical slippage boundary condition. Recently,
Wang et al. [64,65] presented a novel second-order slippage model,
which accurately calculates the mass transfer enhancement in micro-
channels and matches the numerical results [66] as well as physical
experiment [67] data very well.

As for the slippage model for multiple component gas mixtures,
Loyalka [68], Naris et al. [69], Takata [70], Garcia et al. [71] and
Sharipov et al. [72–76] have studied the slippage of binary gas mixtures
by solving the linearized Boltzmann equation. Hyakutake et al. [77]
and Arcidiacono et al. [78] conducts DSMC simulation and LBM si-
mulation for binary gas mixtures. Bentz et al. [79] and conducts Ya-
maguchi et al. [80] conducts spinning rotor gauge experiments and
tube flooding experiments respectively to measure the slippage coeffi-
cient of binary gas mixtures.

As can be seen from the above literature review, although the
slippage model of single component gas flow has been investigated in-
depth, the non-empirical slippage model for multicomponent gas mix-
tures, however, has not been well developed yet. In this work, we
proposed a non-empirical gas slippage for multicomponent gas mix-
tures. Our work is based on the published research [60,61,64,65] about
single component gas slippage.

This paper is organized as follows. In Section 2, we briefly introduce
the background of the kinetic theory of gases. In Section 3, we present
the derivation of the proposed slippage model. In Section 4, we show
the mass transfer enhancement factor predicted by our model. In the
last Section, we conclude this work and suggest for future work.

2. Background

2.1. Mean free path of near-ideal gas mixture

By definition, the mean free path is the ‘average’ distance that a gas
molecule can travel before it hits another gas molecule. The mean free
path of gas can be calculated in several ways, resulting in slightly

different values [3,4,24]. In this work, we follow Kennard’s method
[81] to calculate the mean free path of the ith component in a gas
mixture with NC components as follows

=
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In the above equation, ni is the number density of the ith type of
molecules. δi and mi is the collision diameter (kinetic diameter) and
molecular weight of the ith type of molecules respectively. kB and T is
the Boltzmann constant and temperature respectively.

The ‘average’ mean free path of the gas mixture can be defined as

∑=
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λ x λfm
j

Nc

j j
1 (5)

Here λfm is calculated via a simple mixing rule and is used only for
the calculation of Knudsen number to make comparison easier. From
λfm, we can define Knudsen number for gas mixture as

=K
λ
dN
fm

(6)

In our work, we will use the above Knudsen number to calculate the
mass rate enhancement factor of the gas slippage model. It should be
pointed out that the above definition of Knudsen number is only for
convenience (to be consistent with the formulation of single-component
gases). It does not affect our derivation.

2.2. Diffusive reflection and momentum loss

The impinging molecules reflect on the wall of the porous media. A
certain amount of reflections are specular, in which the molecules
maintain their horizontal momentum. The rest of the molecules diffu-
sively reflect into a random direction, causing a loss of momentum, as
shown in Fig. 1. The diffusive reflection can be analogous to light
scattering on rough surfaces and can be quantified by the method
proposed by Bennett and Porteus [82], Davies [83] and Harvey et al.
[84]. The percentage of the loss of the momentum is defined as Tan-
gential Momentum Accommodation Coefficient (TMAC), ranging from
0 to 1. The rougher the surface is, the higher the TMAC is.

The diffusively reflected molecules will lose their horizontal mo-
mentum after the reflection. Since the momentum gradient is the origin
of shear stress, the loss of horizontal momentum will reduce the shear
stress and thus reduce the viscosity of fluid that is in the vicinity of the
pore wall, causing the fluid to ‘slip.’ In this work, we aim to quantify the
slippage effect by quantifying the amount of lost momentum.

Fig. 1. The conceptual model of gas molecular reflection on the rough surface (wall) of porous media. The solid arrow line represents the specular reflection, while
the dash arrow lines represent the diffusive reflection.
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2.3. Kinetic theory of gasses and viscosity of gas mixtures

In the bulk flow, consider a spherical coordinate system in which a
small volume dτ of the gas is in a position r φ ω( , , ), as shown in Fig. 2.
According to the kinetic theory of gasses [3], in unit time the number of
the ith type of molecules that collide once in dτ , then leave dτ and reach
a small area dS at (0,0,0) without any other collisions is

⎜ ⎟= ⎛
⎝

− ⎞
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dN x v n dτ
λ

φ
πr

r
λ

dS¯ · cos
4

exp ·i i
i t

i i
2 (7)

In the above formulation, xiis the mole concentration of component
i. n is the number density of the gas mixture. r is the traveling distance.

The average momentum the molecules transport can be calculated
by multiplying their flux velocity (in the mean moving distance con-
trolled by mean free path) by their number density and mass.

For laminar flow (along x-direction as shown in Fig. 3), suppose
there is no wall and no boundary reflection, then given an imaginary
plain at =z z0with unit area in the space, molecules that impinge into
the unit area from position (r, φ, ω) have the flux velocity at

= +z z r φcos0 , as shown in Fig. 4. In this sense, assuming simple
mixing rule, the amount of horizontal momentum transported by ith
type of molecules impinge into the imaginary plain from above is
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where u is the flux velocity. In the case of laminar flow, u is the function
of z only. Since the space is open, the traveling distance of the mole-
cular may range from 0 to infinity. Therefore, the lower and upper limit
of the inner integral is 0 and ∞ respectively. (This will be different for
rarefied gases within microchannels).

Similarly, the horizontal momentum carried by ith of molecules
from bottom along direction (π-φ) is
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Then, by summing up all NC types of molecules, the total mo-
mentum from above direction and bellow direction can be calculated
and expanded into second-order in (10) and (11), respectively.

The shear force on the plain is just the difference between Mu and
Mb as
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Based on the definition of viscosity, we can obtain the viscosity of
gas mixture as
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According to [3], the accuracy of the above approach is up to 90%

for light molecules. In this sense, we can use this mean free path method
originated from the kinetic theory of gases to estimate the viscosity of
ideal gas mixtures.

In a system that is confined by walls, gas molecules cannot travel
freely as they do in the open-boundary flow. The molecules will fre-
quently collide with the walls losing momentum, which causes the re-
duction of viscous shear stress and the slippage of the flow. Based on
this model, we can further calculate the slippage boundary condition of
gas mixtures by putting the mixture into a confined flow channel.

3. Non-empirical slippage model

In this section, we present the derivation of our non-empirical gas
slippage model of gas mixtures.

As mentioned in the previous sections, the existence of walls and
diffusive reflection is the origin of viscosity reduction as well as
boundary slippage. We consider two types of molecules. For the first
type, these molecules have a molecular collision at (r, φ, ω), then di-
rectly impinge on a point of interest (of unit area) on the boundary
(z= 0) along direction φ, as shown in Fig. 5.

According to our previous discussion, the flux velocity transported
by these molecules is the flux velocity at =z r φ·cos . Because of the
confinement of the upper wall, the traveling distance of Type 1 mole-
cules ranges from 0 to d φcos . All the effective momentum transported
by all types of molecules can be calculated as
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The above formulation can be expanded to the second order as

Fig. 2. Coordinate system showing the relative position of dS and dτ.
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Fig. 3. The velocity profile of the laminar flow system.

Fig. 4. The conceptual model of the ith type of molecules that impinge into an imaginary plain in an open space within a laminar flow field. x-direction is the flux
direction, meaning that the flux velocity vector only has non-zero components along the x-direction.

Fig. 5. The conceptual model of Type 1 molecules.
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Eq. (15) can be calculated analytically as
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Another type of molecules hit the upper wall before impinging, as
shown in Fig. 6. Because of the confinement of the upper wall, Type 2
molecules have momentum loss at the upper wall. The traveling dis-
tance of Type 2 molecules range from d φcos to d φ2 cos . Consider the
symmetric feature of specular reflection, the z coordinate of Type 2
molecules whose traveling distance is r is −d r φ2 ·cos .

The effective momentum transported by Type 2 molecules is shown
in (17). Similarly to the treatment of Type 1 molecules, Eq. (17) can be
expanded to the second order, as shown in Eq. (18).
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The above formulation can be evaluated analytically as

The summation of Eq. (16) and Eq. (19) is the actual horizontal
momentum transferred to the wall. By equating the actual horizontal
momentum with the ideal horizontal momentum as shown in Equation
(12) and considering the loss of momentum at the impinging point, we
can obtain the ‘equivalent’ slippage velocity that generates the apparent
mass flow rate, as shown in
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By reorganizing the above equation and considering ∝ −v m¯ ( )i i
1,

the slippage boundary condition can be obtained as

Compared with Eq. (2), the two coefficients C1 and C2 in our model
are as follows
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4. Results and discussion

4.1. Validation

In this section, we validate our proposed model using data in lit-

erature. We compare our model with the work of Bentz et al [79],
Sharipov et al. [74], Hyakutake et al. [77] and Yamaguchi el al. [80].

Bentz et al. measure the mass transfer of rarefied gas mixtures using
spinning rotor gauge. Sharipov et al. calculate the mass transfer of
several combinations of binary gas mixtures by solving linearized
Boltzmann equation. To quantify the interaction between different gas
molecules, Sharipov et al. consider both hard sphere gas molecules and
Lennard-Johns potential. The results between the two models are
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slightly different. Hyakutake et al. conduct combine molecular dy-
namics (MD) simulation with DSMC to simulate the transport of binary
gas mixtures in micro-channels. Yamaguchi el al. conduct microtube
flooding to measure the slippage coefficient of binary gas mixtures. The
above works has been widely adopted as benchmarks in the study of the
rarefied gas flow of multicomponent gases.

4.1.1. Single component case
We first use Li et al. [31]’s and Shen et al. [85]’s numerical results to

as benchmark data to validate our results for the single-component
case. Li et al. used Lattice Boltzmann Method (LBM) with combined
bounce-back/specular-reflection boundary to simulate gas transport in
microchannels. In both of the two referred work, purely diffusive re-
flection on the boundary is assumed (TMAC=1). In this paper, we
compared the dimensionless flow rate QD predicted by the slippage
models. The dimensionless flow rate is defined as follows

∫= − ∂ ∂Q ρudz RT h p x2 /( )D
h

0
2

(24)

For our proposed correlation, QD can be explicitly expressed as

= + +Q π
K

π C π K C
12 2D

N
N1 2 (25)

When reduced to single component cases, our kinetic model is in-
dependent of molecular type. However, Yamaguchi et al. [80] and
Bentz et al. [79]’s model are slightly impacted by the type of compo-
nents. Regarding this, we compare the mass transfer rate predicted by
the above two models with both Helium (He) and Argon (Ar).

The comparison of mass transfer is shown in Fig. 7, from which it
can be seen that our proposed model matches numerical experimental
results very well. Especially, when Knudsen number is above 0.5, our
model yields more accurate results than the other four models. This is
partly attributed to the second-order correction term in our correlation.

We also compare our results with Maurer et al. [86]’s experimental
data. The experiment is based on microchannel flooding using Helium
with Knudsen number up to 0.8. The TMAC was determined as
0.91 ± 0.03. The microchannel used for the flow rate measurement
was shallow enough so that the flow channel can be viewed as two
infinite long parallel plates. Maurer et al.’s experiment has been widely
adopted as benchmark data for the validation of gas slippage models. In
this work, we compare the flow rate enhancement factor predicted by

our model with that predicted by Maurer et al.’s experiment. The flow
rate enhancement factor, as defined in [62], can be calculated analy-
tically by our model, as shown in the equation below.

= + +S C K C K1 6 12N N1 2
2 (26)

In the above equation, C1 and C2 is as defined in Eqs. (22) and (23)
respectively. The comparison with Knudsen number up to 0.8 is shown
in Fig. 8, from which it can be seen that our model is with 90% accu-
racy.

4.1.2. Multiple component cases
In this section, we validate our model for multiple component

(binary gas mixtures) cases. We use the binary mixture of Helium-Argon
(He-Ar) and Helium-Xenon (He-Xe). The collision diameter of Helium,
Argon and Xenon is 260 pm, 341 pm and 398 pm respectively [87].
Diffusive reflection (TMAC=1) is used for the validation. The com-
parison of the dimensionless flow rate for binary He-Ar gas mixture and
binary He-Xe gas mixture with different mole fraction of He is shown in
Fig. 8 and Fig. 9 respectively. (The work of Yamaguchi et al. [80] and
Bentz et al. [79] only has data for He-Ar mixtures.)

Fig. 7. Comparison between LBM results, DSMC results, physical experimental
data and the proposed kinetic model for single component gas flow with TMAC
being 1.

Fig. 6. The conceptual model of Type 2 molecules.
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As shown in Fig. 9 and Fig. 10, our model predicts the same trend
with literature data. The average difference between our model with
literature data is less than 10%. The Knudsen number used for this
calculation is 0.4. When Knudsen number varies within the range from
0 to 1, the difference between our model with literature data varies
from 0.9% (KN < 0.01) to 12% (KN=0.18).

The maximum value of the mass transfer rate is at xHe=0.6∼ 0.8.
This is because heavier components have larger impact on the slippage
than lighter components.

It should be mentioned that in Hyakutake et al.’s work, TMAC is not
1. Instead, the TMAC (at T=300 K) of Ar and Xe is respectively 0.89
and 0.95. In our work, we assume the TMAC of all components are the
same. Such assumption can be easily relaxed in the future work.
Typically, smaller TMAC leads higher mass transfer rate. If we sub-
stitute the TMAC used in Hyakutake et al.’s work, the mass transfer rate
predicted by our model will increase by less than 5%.

4.2. Results

In this section, we present the flow rate enhancement factor S of a
binary and ternary gas mixtures predicted by our proposed correlation.
The properties of gases used in this work are all from widely cited lit-
erature [88].

4.2.1. Slippage of air (a binary mixture of nitrogen-oxygen)
In this section, we present the impact of compositional distribution

on the flow rate enhancement factor, shown in Eq. (26), of binary
mixtures of nitrogen and oxygen, which is a mimic of air. The summary
of the concentration combinations is listed in Table 1. The pressure
ranges from 0.4 bar to 10 bar. The width of the flow channel is 100 nm.
The flow rate enhancement factor is show in Fig. 11.

As pressure increases, flow rate enhancement factor decreases from
above 20 to 1.

4.2.2. Slippage of a binary mixture of hydrogen-oxygen
In this section, we present the impact of compositional distribution

on the flow rate enhancement factor of binary mixtures of hydrogen
and oxygen. The study of hydrogen-oxygen mixtures is crucial to the
determination of explosion limit in micro devices [89].

We compare the flow rate enhancement factor of the binary mixture
with that of pure components. The summary of the concentration
combinations is listed in Table 2.

The flow rate enhancement factors of three cases are shown in
Fig. 12. From Fig. 12 it can be seen that gases with smaller molecular
weight have higher slippage effect. On the other hand, in a mixture, the
slippage effect prone to the component with higher molecular weight.

4.2.3. Ternary mixtures of light hydrocarbon
In this sub-section, we discuss the impact of compositional dis-

tribution on the ternary mixture of light hydrocarbons. For hydro-
carbons in unconventional gas reservoirs, the flow rate enhancement
factor is also known as the permeability enhancement factor. In this
work, we calculate the permeability enhancement factor of a ternary
mixture of methane (C1), ethane (C2) and propane (C3). The summary
of the compositional combinations is listed in Table 3. The permeability
enhancement factor with respect to pressure for the 25 nm wide
channel and the 15 nm wide channel is shown in Fig. 13 and Fig. 14,
respectively. From the two figures, we can see that when pressure is
above 2000 psi, the permeability enhancement factor is below 2. This
indicates that Klinkenberg effect is more important in the near-well
region of a reservoir and also in the late-production regime during
production. As can be seen from the results, our proposed correlation is
able to capture the compositional impact for ternary gas mixtures.

Fig. 8. Comparison of flow rate enhancement factor between our model and
Maurer et al.’s microchannel flooding experiment with TMAC being 0.91.

Fig. 9. Comparison of the dimensionless flow rate for binary He-Ar gas mixture
with varying mole fraction of He.

Fig. 10. Comparison of the dimensionless flow rate for binary He-Xe gas mix-
ture with varying mole fraction of He.

Table 1
Summary of concentration combinations of nitrogen-oxygen mixture cases.

Nitrogen Oxygen

Case 1 (100 nm) 78% 22%
Case 2 (100 nm) 100% 0%
Case 3 (100 nm) 0% 100%
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Moreover, there should be not much difficulty for our correlation to
predict the permeability enhancement effect of more complex gas
mixtures consisting of light components.

4.3. Discussion

As can be seen from the validation and resutls, our model can ac-
curately capture the multicomponent sippage effect with finite Knudsen
numbers up to 1. For higher Knudsen numbers, our model may show
larger errors because the gas-wall interaction becomes more complex.
In higher Knudsen number conditions (transient regime), the molecules
collide with the wall more frequently, and the behavior of the gases can
no more be described by viscosity-shear force relationship. For that
condition, more ‘discrete’ models need to be adopted. Moreover, we
now consider two types of molecules. As Knudsen number becomes
larger, more molecules will hit the wall more than once before

Fig. 11. Flow rate enhancement of air-like binary mixtures of nitrogen and oxygen within a 100 nm microchannel.

Table 2
Summary of concentration combinations of hydrogen-oxygen mixture cases.

Hydrogen Oxygen

Case 4 (100 nm) 50% 50%
Case 5 (100 nm) 100% 0%
Case 6 (100 nm) 0% 100%

Fig. 12. Flow rate enhancement of hydrogen-oxygen binary mixtures within a
100 nm microchannel.

Table 3
Summary of concentration combinations of ternary mixture cases.

Methane Ethane Propane

Case 7 (25 nm) 10% 20% 70%
Case 8 (25 nm) 33.3% 33.3% 33.3%
Case 9 (25 nm) 70% 20% 10%
Case 10 (15 nm) 10% 20% 70%
Case 11 (15 nm) 33.3% 33.3% 33.3%
Case 12 (15 nm) 70% 20% 10%

Fig. 13. Permeability enhancement factor for different composition distribu-
tion of methane-ethane-propane mixtures within 25 nm channel with respect to
pressure. Both of the two axes are in log scale.
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impinging into the point of interest. Hence the contribution of these
currently-ignored molecules will become larger, especially when TMAC
is not 1.

Admittedly, our model has several limitations. First, it can only be
used to low-speed gas flow, because it assumes near-steady conditions
in its derivation. Secondly, it should only be applied to light gas com-
ponent in near-ideal (low pressure) conditions, since it is based on the
assumption of hard-sphere gas collisions among different gas specifies.
For high-pressure condition, as pointed on by Long et al. [90], the
confinement effect cannot be ignored and our model cannot handle this
condition. For heavier components, the molecular-molecular interac-
tion becomes more complex and the hard-sphere collision assumption is
no more validate. Lennard-Jones potential should be taken into con-
sideration [24]. Thirdly, it does not take account for the surface force
impact [91], surface shape impact [46] and dense gas effect [52]. The
model can be further improved by considering the variation of gas
density near the boundary. Without the incorporation of multiphase
slippage effect [92,93], The applications of the model should be limited
to single phase flow for the time being.

In real practice, our model could either be combined with digital
rock techniques [56] for small scale simulation or be directly used as a
gas apparent permeability correlation in reservoir scale simulation. In
the former case, our model provides the boundary condition for the
governing equations (Navier-Stokes equation, Burnett equation, etc.).
In the latter case, our model serves as a Klinkenberg-type correlation, as
shown in Equation (26), for the calculation of gas apparent perme-
ability. Since the model is non-empirical, it only requires the effective
rock diameter, TMAC and gas component concentration as the input
parameters, making it convenient for real applications.

5. Summary and conclusion

To sum up, in this work, we have derived a novel non-empirical
model to quantify the gas slippage effect for multicomponent gas
mixtures. Based on the kinetic theory of gases, our model has a solid
physical foundation. It has been validated against molecular simulation
results and has shown good accuracy for low to moderate Knudsen
numbers (KN < 1).

To the best our knowledge, this work is among the first non-em-
pirical gas-slippage correlations for gas mixtures. It is promising that

the proposed model will be applied to the design of MEMS device [14]
and reservoir simulation of unconventional gas formations [94].
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