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Abstract: Nano-scale gas transport plays an important role in many
micro/nanotechnology applications where the rarefied gas dynamics based
solutions are frequently used by maintaining a “dynamic similarity” between low
pressure (rarefied) and nano gas flows. However, such a consideration is
incomplete since the surface force field effects dominant in nano-levels induce
significant variations. In order to specify the surface force effects on gas transport,
we define a new parameter (B) as the ratio of force penetration length to the
channel height, and studied the length scales and conditions for applicability of
current rarefied gas dynamics on nano-scale gas flows. Using Molecular Dynamics,
force driven gas flows were characterized as a function of B parameter and
Knudsen number. Results showed that for a negligible value of B parameter (B→0)
transport can be described by rarefied gas dynamics in the whole Knudsen range
while the velocity profiles are parabolic and the variation of mass flow rate shows
the well-known Knudsen minimum around Kn=1. As the flow dimension
decreases, B becomes a finite value indicating the dominancy of surface force
effects over rarefaction, and gas velocities and mass transport significantly deviates
from the kinetic theory predictions.
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Introduction

Gas flows in nano-channels and pores are observed in several industrial and environmental
applications [1-3]. For example, gas separation using nano-membranes can remove carbon dioxide
from flue gases to combat global climate change with low capital costs, low energy requirements, and
ease in operation [4-7]. Under pressure differences or concentration gradients, nano-engineered
composite membranes allow species selective migration of gas molecules through their nano-pores.
Carbon nanotubes and carbon based nano-composite materials can capture hydrogen from earth's
atmosphere or combustion products [8-9]. Alternatively, these nano-pore systems can provide solidstate hydrogen storage by packing larger quantities of hydrogen into smaller volumes by adsorption
[10-15]. Another interesting application is in gas recovery from shale reservoirs enabled by the recent
advances in horizontal well fracturing [16-18], where gas transport in shale pore-sizes as small as 5nm
is commonly observed [19-22]. Despite these technological developments, existing theoretical and
numerical transport models are incapable of explaining the actual flow rates in these nano-scale
confinements. Overall, there is a significant knowledge gap and an urgent need for accurate
description and understanding of gas transport in nano-scale conduits.
Gas flows in nano-scale conduits encounter substantially different physics than their macroscopic
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counterparts due to the (i) rarefaction, (ii) surface force field, and (iii) surface adsorption.
Contributions of these effects on gas transport greatly differ depending on the conduit size, gas
pressure and gas-surface interactions. Rarefaction is well known and frequently addressed using the
kinetic theory based methods by assuming “dynamic similarity” between the low pressure (rarefied)
and nano-scale gas flows. However, the surface force field and surface adsorption originating from
the van der Waals force interactions of gas and wall molecules can greatly impact transport, and
destroy this similitude.
Rarefaction, surface force field, and surface adsorption effects can be investigated using Molecular
Dynamics (MD), which is a deterministic computational method. However, MD is most suitable for
simulating very small volumes of liquid or solid domains with dimensions on the order of 10nm or
less. As a result, liquid transport in nano-channels has been studied extensively using MD. Unlike
liquids, gas flows evolve through intermolecular collisions characterized by the mean free path (λair ≈
65 nm at standard conditions) [23]. In order to properly capture the intermolecular collisions and to
have a sufficient number of gas molecules for a meaningful statistical ensemble, gas flow simulations
using MD require large computational domains dominated by an excessively large number of wall
molecules. This is a challenge for classical MD software making them impractical for gas flow
simulations. I already addressed this problem by developing a “smart wall” MD (SWMD) algorithm
[36], which properly incorporates the force field of a semi-infinite wall. This algorithm significantly
reduced the memory requirements and enabled proper MD simulations of nano-scale gas flows for the
first time in literature.
Using SWMD, we investigated shear and force-driven nano-channel gas flows in the entire Knudsen
regime [23-31]. Simulation results have shown formation of a near wall layer that is several molecular
diameters thick. We identified this as the “wall force penetration length” (L f), where the gas density
and velocity distributions are under the effect of surface molecular forces. Transport beyond the nearwall region can be considered as the bulk flow region, which exhibits flow physics predictable by KT
solutions for a prescribed Tangential Momentum Accommodation Coefficient (TMAC). We have also
shown that TMAC is a function of the gas-wall interaction parameter and it is independent of the
Knudsen number.
Objective of this study is to explore the length scales and conditions for applicability of “rarefied gas
dynamics” on nano-scale gas flows. By defining the ratio of surface force penetration length (Lf) to
the channel height (H) as a new dimensionless parameter (B = Lf/H), we will determine the influence
of near wall hydrodynamics on the overall gas transport and define validity range of kinetic theory for
small scale flows as a function of the B parameter.
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Three-Dimensional MD Simulation Details

Argon gas flow between two parallel surfaces was modeled using SWMD. We simulated force-driven
isothermal flows, which are hydrodynamically similar to pressure-driven gas flows at low Mach
numbers (Ma). Computational domain was periodic in the stream-wise and lateral directions and
extended one mean free path (λAr) in these directions. Thermodynamic state of argon was fixed at 298
K and 113.4kPa, which corresponds to a density of ρAr=1.896kg/m3 and λAr=54nm. By keeping gas
temperature at 298K, pressure was varied to obtain different λ values. Mean molecular spacing for
each case was checked, and the thermodynamic states were validated to be dilute gas, obeying the
ideal gas law. A constant driving force (Fdrive) was applied on each gas molecule in the stream wise
direction, while the magnitude of the force was controlled to maintain Ma < 0.1, so that gas flow is
nearly incompressible.
Lennard-Jones (L-J) 6-12 potential was used to model van der Waals interactions between gas-gas
and gas-wall molecules. The truncated 6-12 L-J potential is given as
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where rij is the intermolecular distance, ε is the depth of the potential well, σ is the molecular diameter
and rc is the cut-off radius. In this study, we utilized rc=1.08 nm, which is approximately equal to
3.17σ for argon molecules. At this cut-off-distance, the attractive part of the L-J potential was reduced
to 0.00392ε. Our algorithm utilized the well-known link cell method to handle particle-particle
interactions [32]. Mass for an argon molecule is mAr=6.63×10-26 kg, its molecular diameter is σAr =
0.3405 nm and the depth of the potential well for argon is εAr=119.8×kb, where kb is the Boltzmann
constant (1.3806×10−23 J K-1). Here εAr defines the gas-gas interaction strength, and is identified as
εff. Walls were modeled molecularly using Face-Centered Cubic (FCC) structure with (1,0,0) plane
facing the gas. For simplicity, walls molecules have mass and diameter equivalent to argon (mwall=
mAr, σ wall = σAr). Since wall molecules are fixed in the cold wall model, the wall’s molecular mass has
no effect in momentum exchange between the gas and wall molecules. In addition, the molecular
diameter between different species does not vary drastically.
Simulations started from the Maxwell-Boltzmann velocity distribution for gas molecules at 298K.
Initial particle distribution was evolved 106 time-steps (4 ns) to reach an isothermal steady state using
4 fs (~0.002τ) time steps, after which, 8×106 time steps (32 ns) were performed for time averaging.
Longer time averaging has also been performed to confirm convergence of density, stress and velocity
profiles to steady state. In order to capture variations within the near wall region accurately and using
same resolution for each channel case, all simulation domains were divided into slab bins with
constant height of 0.054nm in the wall normal direction. Canonical ensemble (NVT, i.e., constant
mole, N, volume, V, and temperature, T) was performed by utilizing a thermostat. We employed the
Nose-Hoover algorithm as a global thermostat inside the local sub-domains to obtain isothermal
conditions at 298 K with a relaxation time of ~0.2ps. Sub-domains have 0.54nm heights through the
entire span, which is 10 times larger than the utilized bin size. Local gas temperature was also
computed throughout the channels to ensure isothermal conditions were imposed by the thermostat.
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Figure 1: Molecular Dynamics simulations of gas flows inside 54 and 5.4nm height channels.
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Results and Discussion

We studied force driven argon gas flows inside 54nm and 5.4nm height channels (Figure 1) at Kn=10,
1 and 0.1 flows. Since the surface effects are limited in 54nm cases (Lf≈1nm, 1nm/54nm=2%),
velocity profiles from SWMD match Kinetic theory predictions for TMAC=0.75 well as seen from
Figure 2.
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Figure 2: Gas velocity distributions inside 54nm height channel at (a) Kn=10 and (b) Kn=1.
Comparisons were done with Linearized Boltzmann and Beskok&Karniadakis Method [32].
However, the surface forces becomes dominant for the 5.4nm channel (1nm/5.4nm=20%) where the
velocity distribution at any Kn value cannot be described by a parabolic profile (Figure 3). Hence, gas
flows in a 5.4nm channel cannot be predicted by a kinetic theory based procedure both in the bulk and
near wall regions at any Kn value through the entire Knudsen regime.
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Figure 3: Gas velocity distributions inside 5.4nm height channel at various Kn numbers.
In order to identify the scale effects, I used my new dimensionless parameter B (B=L f /H), where the
finite values of B show significance of the wall force-field. I calculated gas mass flow rates in 5.4nm
(B≈0.2) and 54nm (B≈0.02) channels (Figure 4). For B≈0.02 flow in 54nm channel, MD results show
great agreement with the kinetic theory based solutions in a wide Kn range. This validates that MD
can successfully model gas flows from slip to free molecular flow regimes.
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Figure 4. Free-molecular scaling of MD mass flow rates for 54nm and 5.4nm height channels using
MD. LB results for TMAC=0.75 are adopted from [33]. Mass flow rate results of Navier-Stokes
solution using no-slip and first order-slip boundary conditions are also shown.
Variation of mass flow rate as a function of Kn in Figure 4 shows the well-known “Knudsen’s
Minimum”. While the variation of transport observed in LB solution solely depends on the rarefaction
level, MD reveals the size effects as a function of B. For the 54nm channel cases, mass transport still
varies mostly based on the rarefaction effects defined by Kn since the surface force effects
represented by B parameter is negligible (B = 0.02). However, in 5.4nm channel B reaches a finite
value (B ≈ 0.2), and the mass flow rates become a function of both rarefaction and nano-scale effects
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Conclusions

We investigated force driven gas flows confined in different height nano-channels, and characterize
nano-scale effects on velocity profiles and mass flow rates in the entire Knudsen regime (late slip,
transition, and free molecular flow regimes). Near surface molecular forces becomes dominant for
finite values of B, and the near wall region interacts with the bulk flow, resulting in completely
different velocity profiles and mass transport in nano-channels. Hence, the well-known Knudsen’s
minimum in mass transport manifests itself differently for gas nano-flows with finite B values. We
have shown that the dimensional limit of kinetic theory based descriptions of gas nano-flows are
defined by the B parameter, where dynamic similarity between rarefied and nano-flows are valid only
for B→0, while finite values of B require modeling of the wall force field effects. MD simulations of
gas flows enable proper investigations of the non-equilibrium and confinement effects, revealing the
influence of wall-force-field and surface adsorption on transport.
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