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Abstract: The direct simulation Monte Carlo (DSMC) method, which is a probabilistic particle-based
gas kinetic simulation approach, is employed in the present work to describe the physics of rarefied
gas flow in super nanoporous materials (also known as mesoporous). The simulations are performed
for different material porosities (0.5 ≤ φ ≤ 0.9), Knudsen numbers (0.05 ≤ Kn ≤ 1.0), and thermal
boundary conditions (constant wall temperature and constant wall heat flux) at an inlet-to-outlet
pressure ratio of 2. The present computational model captures the structure of heat and fluid flow
in porous materials with various pore morphologies under rarefied gas flow regime and is applied
to evaluate hydraulic tortuosity, permeability, and skin friction factor of gas (argon) flow in super
nanoporous materials. The skin friction factors and permeabilities obtained from the present DSMC
simulations are compared with the theoretical and numerical models available in the literature.
The results show that the ratio of apparent to intrinsic permeability, hydraulic tortuosity, and skin
friction factor increase with decreasing the material porosity. The hydraulic tortuosity and skin
friction factor decrease with increasing the Knudsen number, leading to an increase in the apparent
permeability. The results also show that the skin friction factor and apparent permeability increase
with increasing the wall heat flux at a specific Knudsen number.

Keywords: direct simulation Monte Carlo (DSMC); super nanoporous (mesoporous) materials;
rarefied gas flow; thermal boundary conditions; hydraulic tortuosity; permeability

1. Introduction

Gas flow in microporous and super nanoporous (also known as mesoporous) materials
with pore sizes ranging between 100 µm and 10 nm [1] has recently attracted considerable
attention because of its vast prospective industrial applications such as gas storage and
sensing, mass separation, batteries, catalysis, and optics. The performance in many of these
applications depends critically on the characteristics of transport phenomena (i.e., heat
and mass transfer) through internal pore space [2–4]. Therefore, enhancing our under-
standing of the multiscale transport phenomena in porous media is required to support the
development of such micro- and nanodevices [5].

At standard pressure and temperature conditions, gas flow in microporous and meso-
porous materials differs considerably from those in macroporous material with pore sizes
larger than about 100 µm [6–10]. Internal pore spacing in microporous and mesoporous ma-
terials is comparable to the mean free path of gas molecules [11], enhancing nonequilibrium
effects due to the reduction in the rate of intermolecular collisions and collisions between
the gas molecules and solid walls [12–14]. The Knudsen number (Kn) is a dimensionless
quantity that indicates deviation from the equilibrium condition and reads as the ratio of
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the molecular mean free path λ to a characteristic length scale L (i.e., Kn = λ/L ). Four
different gas flow regimes are customarily defined based on the value of the Knudsen
number: the continuum regime with Kn < 0.001, the slip regime with 0.001 < Kn < 0.1,
the transition regime with 0.1 < Kn < 10 and the free-molecular regime with Kn > 10 [15].
It should be noted that such a classification is intrinsically empirical, and the values of the
limits of the various regimes might be different for fluid flows in complex geometries [16].
Gas flow in microporous and mesoporous materials is often in the slip and transition
regimes at standard pressure and temperature [17,18], for which the continuum assump-
tion is invalid. The standard Navier-Stokes-Fourier (NSF) equations fail to describe gas
flows in porous media when the nonequilibrium effects are significant [5]. Accordingly,
Darcy’s law, which is often employed to describe laminar fluid flow in a porous medium at
low Reynolds numbers in the continuum flow regime, also fails to describe fluid flow in
microporous and mesoporous materials [19]. The direct simulation Monte-Carlo (DSMC)
method [20] is a probabilistic particle-based numerical technique based on the kinetic
theory that can approximate the solution of the Boltzmann equation that governs gas flow
in the entire range of Knudsen numbers.

Gas flow in microporous and mesoporous materials is characterized by extremely low
permeability in the order of 10−21 m2 [11]. Moreover, the intrinsic permeability (Kint) is
lower than the apparent permeability (Kapp) in the rarefied flow regime, and the difference
between these two permeabilities increases with a decrease in average gas pressure in
the porous material [21]. This is because the intrinsic permeability depends on the mor-
phology of the porous structure, whereas the gas pressure has also been accounted for in
the definition of apparent gas permeability [22]. Determining the value of permeability
through experimental studies is often challenging because the signal-to-noise ratio is con-
siderably low [23]. Various theoretical models have been developed to approximate the
value of permeability in microporous and mesoporous materials (see, for instance, [24–32]).
Zhao et al. [7] employed a computational model based on the lattice Boltzmann method to
simulate gas flow in digital rock models and confirmed that the apparent permeability is
higher than the intrinsic permeability in porous materials, and argued that the difference
between apparent and intrinsic permeabilities increases with an increase in the Knudsen
number. Wang and Pan [33] replicated a porous medium using a quartet structure gen-
eration set (QSGS) model and studied the effect of specific surface area and porosity on
the permeability of porous media using the lattice Boltzmann method. However, anisotropy
and multiscale pore size distribution which are critical features in studying transport phe-
nomena in porous media are neglected when using the QSGS model to replicate the porous
medium geometry [34–36]. Further investigations are needed to enhance our understand-
ing of the effects of influencing parameters such as gas rarefaction and thermal boundary
conditions on the gas flow behavior in super nanoporous materials.

In the present work, the geometry of the porous media in super nanoporous materials
is replicated using the PoreSpy library in Python. The Direct Simulation Monte Carlo
(DSMC) method is employed to simulate rarefied gas flow through super nanoporous
materials over a wide range of Knudsen numbers in the slip and transition flow regimes.
The effects of critical influencing parameters such as material porosity, Knudsen number,
and thermal boundary conditions on hydraulic tortuosity, skin friction, and permeability
are discussed.

2. Methods

An open-source code, PoreSpy [37], was used to replicate the geometry of the porous
material for numerical simulations. PoreSpy includes a variety of predefined functions
to extract data from images of porous material (for example, those obtained using X-ray
tomography) and to generate artificial geometries of porous materials [37–39]. The Blobs
function from the PoreSpy code generates an image with random noise and then applies
a Gaussian blur to the image, creating a correlated field with a Gaussian distribution.
Nanoporous materials often have random bicontinuous structures with complex pore
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morphologies in which heat and fluid flow are inherently three-dimensional. Computa-
tional costs associated with running three-dimensional models to simulate gas flow in
nanoporous materials using particle-based methods, such as molecular dynamics (MD) and
direct simulation Monte-Carlo (DSMC), are often considerably high and thus current stud-
ies are limited, to a great extent, to two-dimensional problems (see for instance [9,19,40–42]).
Figure 1 shows a representative geometry of the computational domain, the grid used in
the simulations, and the boundary conditions applied to the outer boundaries of the com-
putational domain. The computational domain is a rectangular block that encompasses
the porous structure and has a length (L) of 2 µm and a height (H) of 1 µm. Minimum cell
spacing was selected to be smaller than the molecular mean free path and about λ/3 [13],
resulting in a computational grid with 80 000 cells and the minimum cell spacing of about
5 × 10−9 m for the case with a Knudsen number of 0.5. The minimum cell spacing chosen
in the present simulations (∆x = ∆y < λ/3) is sufficiently fine to achieve grid-independent
results according to the guidelines [43–45]. The inlet-to-outlet pressure ratio (Pi/Po) was
set to 2 in the simulations.

Figure 1. A representative geometry of the porous medium generated using the PoreSpy code,
the computational grid used and the boundary conditions applied to the outer boundaries of the com-
putational domain. Regions shaded in green indicate the fluid domain. The computational grid was
generated using the SnappyHexMesh mesh generation tool.

The direct simulation Monte-Carlo (DSMC) method [20], which is a probabilistic
particle-based method, was used to simulate heat and gas flow through the porous material.
The DSMC method relies on decoupling molecular motion from binary intermolecular
collisions. To avoid prohibitive computational costs, each simulator particle in the DSMC
method represents numerous molecules in the flow field. In the DSMC method, the com-
putational domain is discretized into cells smaller than the molecular mean free path,
and motion of molecules and their collisions are computed at each time-step that is smaller
than the mean collision time [20]. The simulations were constructed using an open-source
DSMC solver, dsmcFoam+ [46], within the framework of OpenFOAM. The working fluid
studied in the present work is argon with a molecular diameter (dm) of 4.17 × 10−10 m and
a molecular mass (mm) of 6.63 × 10−26 kg. It is worth noting that the present computa-
tional model is equally applicable to other gas species. The variable hard sphere (VHS)
model [20] was employed to simulate intermolecular collisions, and the no-time-counter
(NTC) scheme [20] was chosen for the collision partner selection model. In the present
simulations, each computational cell contained at least 20 simulator particles (i.e., PPC = 20),
and the time-step size was chosen to be about one-third of the mean collision time and in
the order of 10−12 s [3,13]. Although surface adsorption and diffusion can contribute to gas
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transport in super nanoporous materials [47–50], these aspects are neglected in the present
DSMC simulations. All the solid walls were assumed to be fully diffuse, and heat transfer to
the solid porous structure was ignored [51,52]. Detail of the present DSMC model [3,53] and
the validity of the results are explained thoroughly in our previous works [3,12–14,19,54].

To construct a framework for presenting the results obtained from the simulations,
the Reynolds number (Re), intrinsic permeability (Kint), apparent permeability (Kapp),
and hydraulic tortuosity factor (Tf) are defined as follows [3,55,56]:

Re =
ρ U L ∗

µ
=

√
π γ

2
Ma
Kn

, (1)

Kint =
−µ Uavg

Pi − Po
, (2)

Kapp =
2 µ L Po Uo

P2
i − P2

o
, (3)

Tf =
Uavg

Ud
, (4)

where, ρ is the fluid density, U the gas velocity, µ the dynamic viscosity, γ the specific heat
ratio of the gas, Ma the Mach number, Uavg the average velocity magnitude, L the length
of the porous structure, and Ud the stream-wise gas velocity along the pressure gradient
direction within the porous material. The subscripts ‘i’ and ‘o’ indicate inlet and outlet
respectively. L ∗ in Equation (1) is the characteristic length scale of the porous medium and
is determined as follows:

L ∗ =

√
12Kint

φ
, (5)

where φ is the material porosity. The intrinsic permeability (Kint), which is a property of
the porous medium alone, is a quantity that assesses how readily a porous medium can
transport a fluid under a potential gradient [57]. This means that the value of the intrinsic
permeability depends solely on the porous structure, regardless of fluid condition. How-
ever, the apparent permeability (Kapp) of a porous medium is a measure of gas transport
that comprises pressure gradient-driven flow, concentration gradient-driven molecular
diffusion, and chemical gradient-driven surface diffusion [21,50].

3. Results and Discussion
3.1. Model Validation

Pressure drop of fluid flow in a channel is often evaluated using the skin friction
coefficient (Cf), which represents the ratio of the skin shear stress (τw) to the dynamic
pressure of the free stream, and is defined as follows:

Cf =
2 · τw

ρmU2
avg

, (6)

where, ρm and Uavg are the average density and the average velocity magnitude respec-
tively. The skin friction coefficients obtained from the present DSMC simulations for
isothermal steady micro- and nanoscale flows are compared with those approximated
using the analytical slip models in Figure 2, indicating the validity of the present DSMC
results. According to the Cercignani’s model, the Poiseuille number (CfRe) can be ap-
proximated using the first- and second-order slip coefficients as follows respectively [58]:

CfRe =
24

1 + 6Kn
, (7)



Micromachines 2023, 14, 139 5 of 15

CfRe =
24

1 + 6Kn + 3.72Kn2 . (8)

The accuracy of the present DSMC model is also assessed in our previous works by
comparing the numerical predictions obtained from the model with experimental and
theoretical data [3,12–14,19,54].

Figure 2. Comparison between the Poiseuille number obtained from the present DSMC simulations
and the analytical approximations calculated using Equations (7) and (8).

3.2. The Effects of Material Porosity on the Gas Flow Behaviour

The effects of material porosity and rarefaction on the gas flow behavior in super
nanoporous materials are studied for isothermal wall boundary conditions. Temperature
of the solid walls Tw is set to 300 K, unless stated otherwise. The material porosity (φ) is
defined as the ratio of the volume of the material’s void spaces to its total volume [59].
Changes in material porosity affect the value of the local Knudsen number (Knl) because
the characteristic length (L ) based on which the Knudsen number is defined changes.
Moreover, changes in material porosity can affect pore size distribution and hydraulic
tortuosity factor. In the present work, the material porosity (φ) ranges between 0.5 and
0.9, and the Knudsen number is defined based on the channel height (i.e., Kng = λ/H).
Figure 3 shows the numerically predicted velocity field in the porous material for different
material porosities. The results indicate that the shape and structure of porous material led
to notable fluid flow disruption and can significantly affect the fluid flow field. The average
gas velocity decreases with decreasing the material porosity φ. It appears that variations in
the average fluid velocity become insignificant for material porosities smaller than 0.6.

Figure 4 shows the variation of apparent permeability (Kapp) and intrinsic permeability
(Kint) as a function of material porosity φ. The apparent permeability is higher than intrinsic
permeability for all the porosities studied in the present work. Both apparent and intrinsic
permeabilities increase with increasing the material porosity. The ratio of apparent to
intrinsic permeability (Kr = Kapp/Kint) decreases with an increase in the material porosity.
For materials with relatively high porosities, the equivalent pore size is much larger than
the molecular mean free path; thus, the number of intermolecular collisions is more than
the number of collisions between gas molecules and solid walls [19], enhancing the effects
of viscous forces. The equivalent pore size decreases with decreasing the material porosity
and can become comparable to the molecular mean free path, enhancing the effects of
Knudsen diffusion.
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Figure 3. Velocity field distribution (a–e) and the predicted average velocity (f) in porous materials
with different porosities. The velocity magnitudes (U) are normalised using the respective maximum
velocity magnitude (Umax). Kng = 0.5, Pi/Po = 2 and Tw = 300 K.

Figure 4. Variation of apparent permeability (Kapp), intrinsic permeability (Kint) and the ratio of
apparent to intrinsic permeability (Kr = Kapp/Kint) with material porosity φ.
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Figure 5 shows the variation of permeability ratio Kr with Knudsen number Kng for dif-
ferent material porosities. The permeability ratio Kr increases with increasing the Knudsen
number for all the material porosities studied in the present work. The higher the material
porosity, the lower the permeability ratio for a specific Knudsen number. The effective
characteristic length decreases with decreasing the material porosity at a specific Knudsen
number (Kng), resulting in an increase in the local Knudsen number and hence enhancing
the slippage effect on the solid walls. The local Knudsen number increases with increas-
ing Kng at constant material porosity, enhancing the slippage effect on the solid walls.
Enhancement of the slippage effect leads to an increase in the permeability ratio Kr.

Figure 5. Variation of the ratio of apparent to intrinsic permeability (Kr = Kapp/Kint) as a function of
Knudsen number Kng for different material porosities.

Figure 6 shows the effects of material porosity and Knudsen number on the hydraulic
tortuosity factor (Tf) and average velocity (Uavg). The average velocity field along the pres-
sure gradient direction increases with increasing the material porosity. Moreover, the flow
passage becomes more tortuous with decreasing the material porosity. The results show
that the hydraulic tortuosity factor decreases with increasing the material porosity and
decreases with increasing the Knudsen number.

Figure 6. Variation of (a) the hydraulic tortuosity factor (Tf) and (b) average velocity as a function of
material porosity and Knudsen number.
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Figure 7 shows the variations of the Poiseuille number (CfRe) for different material
porosities and Knudsen numbers. The results indicate that the Poiseuille number increases
with decreasing the material porosity at a specific Knudsen number. The Poiseuille number
seems to be more sensitive to variations of the Knudsen number at low material poros-
ity, which can be attributed to the enhancement of the collisions between gas molecules
and solid boundaries at low material porosities. The Poiseuille number decreases with
increasing the Knudsen number for all the material porosities studied in the present work;
however, it seems that the decrease in the Poiseuille number becomes negligible for Knud-
sen numbers (Kng) larger than 0.5.

Figure 7. Variation of the Poiseuille number (CfRe) for different material porosities and Knudsen numbers.

Figure 8 shows the effect of solid wall temperature on the gas density, average
fluid velocity, Poiseuille number and molecular mean free path. The density of the gas
and the Poiseuille number decrease with increasing the wall temperature. Moreover,
the molecular mean free path and average fluid velocity increase with increasing the solid
wall temperature.

Figure 8. The influence of the solid wall temperature on (a) the density and average gas velocity and
(b) the Poiseuille number. (Kng = 0.5, φ = 0.8, and Ti = 300 K).
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3.3. The Effects of Wall Heat-Flux on the Flow Behaviour

Heat and fluid flow in a super nanoporous material subject to constant wall heat-flux
boundary conditions is described in this section. The material has a porosity of φ = 0.8 and
a constant wall heat-flux boundary condition is imposed on its top and bottom surfaces,
as shown in Figure 9.

Figure 9. The structure of the super nanoporous material subject to constant wall heat flux bound-
ary condition. Regions shaded in green indicate the fluid domain.

Figure 10 shows the variation of the molecular mean free path λ and the dimensionless
average bulk gas temperature (Tqr = Tgas/Tadiabatic) for different wall heat fluxes (qw). The
gas bulk temperature increases with increasing the wall heat flux, increasing in the molecu-
lar mean free path because its value is proportional to the square root of gas bulk tempera-
ture in the variable hard sphere (VHS) model [60]. The enhancement of the molecular mean
free path due to increasing the wall heat flux is more pronounced at high Knudsen numbers.
An increase in the bulk gas temperature, resulting from increasing the wall heat flux, also
leads to a decrease in the effective gas viscosity [13,14]. An increase in the molecular mean
free path, while the geometry of the porous structure is unchanged, leads to an increase
in the Knudsen number, enhancing the non-equilibrium effects such as gas slippage and
temperature jump at the solid walls. Hence, interactions between gas molecules and solid
walls become significant compared to intermolecular collisions in transferring information
by the gas flow in super nanoporous materials. Figure 11 shows the velocity profiles along
the horizontal centreline for different Knudsen numbers and wall heat fluxes. The results
indicate that the normalized gas velocity increases with increasing the Knudsen number
and wall heat flux. The velocity profile is considerably affected by the porous structure.
Due to the presence of solid particles in the flow domain, the width of the flow passage
expands and contracts along the porous material. Changes in the width of the flow passage
affect the gas velocity. The gas accelerates passing through the regions where the flow
passage is contracted and decelerates through the regions where the flow passage expands.
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Figure 10. Variation of (a) the molecular mean free path λ and (b) mean bulk gas temperature as
a function of Knudsen number for different wall heat fluxes.

Figure 11. Velocity profiles along the horizontal centreline for (a) different Knudsen numbers and
(b) different wall heat fluxes.

Figure 12 shows the variation of the apparent permeability (Kapp) and Poiseuille num-
ber (CfRe) as a function of Knudsen number for different wall heat fluxes. The results
shown in Figure 12a indicates that the apparent permeability increases with an increase in
the wall heat flux. This increase in the apparent permeability can be attributed to the en-
hancement of the molecular mean free path and hence the rarefaction effects. Figure 12b
indicates that the Poiseuille number decreases with increasing the Knudsen number and
increases with increasing the wall heat flux. This is because the gas viscosity decreases with
increasing the gas bulk temperature and Kundsen number.

Figure 12. Variation of (a) the apparent permeability (Kapp) and (b) Poiseuille number (CfRe) as
a function of Knudsen number for different wall heat fluxes.
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Various models are proposed in the literature to approximate the value of apparent
to intrinsic permeability ratio Kr = Kapp/Kint for rarefied gas flows, as summarised in
Table 1. To the best of the authors’ knowledge, there is no reliable experimental data
in the literature reporting gas flow in super nanoporous materials. In such situations,
a common practice is to use analytical models and previous numerical data to assess
the validity of a computational model. The permeability ratios obtained from the present
DSMC simulations are compared with the models presented in Table 1, and the results
are shown in Figure 13. The present DSMC results are obtained for argon flow through
a porous material with a porosity of φ = 0.8 and an inlet-to-outlet pressure ratio (Pi/Po)
of 2. It seems that the present DSMC results obtained using a constant wall temperature
boundary condition agree reasonably with the model proposed by Kawagoe et al. [51] for
a wide range of Knudsen numbers varying between 10−2 and 1. However, the model of
Kawagoe et al. [51] fails to approximate the value of the permeability ratio when a constant
heat flux is applied on the outer boundaries of the porous material. When an adiabatic
wall boundary condition (i.e., qw = 0) is used, the DSMC results seem to agree with
the model proposed by Klinkenberg [21]. However, it appears that none of the models can
approximate the value of the permeability ratio with reasonable accuracy when a finite
heat flux is applied to the outer boundaries of the porous material.

Table 1. A summary of various models reported in the literature to approximate the value of
permeability ratio Kr.

Reference Kr = Kapp/Kint Remark

Zhao et al. [7] 1 + 4αKn α = 0.8
Klinkenberg [21] 1 + 4αKn α = 1.037
Mohammadmoradi and Kantzas [6] 1 + αKn α = 9.62
Sakhaee-Pour and Bryant [61] 1 + 64

3π Kn -
Beskok and Karniadakis [62] (1 + α(Kn)Kn)

(
1 + 4Kn

1+Kn

)
α(Kn) = 128

15π2 arctan(4Kn0.4)

Kawagoe et al. [51] 1 + 64
3π

1+ck
1 p

1+ck
2 p

ck
1 p =

√
π
2

2
Kn and ck

2 p =
√

π
2

2.47
Kn

Yang and Weigand [52] 1 + αKn + βKn2 α = 7.08 and β = 0.485
Lu [63] 1 + 8(3.12 exp(αKn)− 3.12) α = 0.374

Figure 13. Comparison of the permeability ratio (Kr) obtained from the present DSMC simulations
with available models.
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4. Conclusions

Gas (argon) flow in super nanoporous materials subjected to different thermal bound-
ary conditions (constant wall temperature and constant wall heat flux) was studied using
the direct simulation Monte-Carlo (DSMC) method. The porous structure of the material
was replicated using PoreSpy, which is an open-source Python code, and the simulations
were constructed using the dsmcFoam+ solver within the framework of OpenFOAM.
The effects of material porosity and Knudsen number on the hydraulic tortuosity, perme-
ability, and skin friction factor were described quantitatively. The following conclusions
are drawn based on the results presented in the paper.

• The ratio of apparent to intrinsic permeability, hydraulic tortuosity, and skin friction
factor increase with decreasing the material porosity.

• The hydraulic tortuosity and skin friction factor decrease with increasing the Knudsen
number, leading to an increase in the apparent permeability.

• The skin friction factor and apparent permeability increase with increasing the wall
heat flux at a specific Knudsen number.

• When the outer boundaries of the porous material are subjected to a constant wall tem-
perature boundary condition, the permeability values approximated using the model
proposed by Kawagoe et al. [51] agree with DSMC results for a wide range of Knud-
sen numbers varying between 10−2 and 1. However, the model of Kawagoe et al. [51]
fails to approximate the value of the permeability ratio when a constant heat flux is
applied on the outer boundaries of the porous material.

• Further investigations are required to improve the accuracy of models in approximat-
ing permeability in porous materials subject to a wall heat flux boundary condition.

A critical limitation of the DSMC method is currently related to the high computational
costs, particularly for simulations of gas flows in the continuum and slip flow regimes.
Further research is needed to reduce computational costs associated with DSMC simula-
tions to make this approach a viable tool for predicting complex three-dimensional thermal
and fluid flow fields in porous materials. Moreover, future studies on characterizing gas
flow in microporous and super nanoporous materials could focus on developing accurate
and reliable experimental measurement techniques to provide more data for validating
theoretical models.
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