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Abstract Using the recently developed smart wall

molecular dynamics algorithm, shear-driven gas flows in

nano-scale channels are investigated to reveal the surface–

gas interaction effects for flows in the transition and free

molecular flow regimes. For the specified surface properties

and gas–surface pair interactions, density and stress profiles

exhibit a universal behavior inside the wall force penetra-

tion region at different flow conditions. Shear stress results

are utilized to calculate the tangential momentum accom-

modation coefficient (TMAC) between argon gas and FCC

walls. The TMAC value is shown to be independent of the

flow properties and Knudsen number in all simulations.

Velocity profiles show distinct deviations from the kinetic

theory based solutions inside the wall force penetration

depth, while they match the linearized Boltzmann equation

solution outside these zones. Results indicate emergence of

the wall force field penetration depth as an additional length

scale for gas flows in nano-channels, breaking the dynamic

similarity between rarefied and nano-scale gas flows solely

based on the Knudsen and Mach numbers.

Keywords Wall force field effects � Tangential

momentum accommodation coefficient � Shear stress �
Rarefied gas flow

1 Introduction

Nano-scale confined gas flows are encountered in the

components of micro- and nano-electromechanical systems,

and in magnetic disc drive units (Juang et al. 2007; Tagava

et al. 2007). For the latter, distance between the head and

media is on the order of 10 nm, and the next generation disc

drives strive to reduce this distance to enhance the magnetic

storage capacity. Classical approach to study gas flows in

such small scales utilizes the kinetic theory. Comparison of

the characteristic domain size, H, with the local gas mean

free path, k, enables definition of the Knudsen number

(Kn = k/H), which shows the extent of the nonequilibrium

and/or rarefaction effects. The flow is categorized to be in

the free molecular flow regime for Kn C 10; in the transi-

tion flow regime for 0.1 B Kn B 10; and in the slip

and continuum flow regimes for 0.01 B Kn B 0.1, and

Kn B 0.01, respectively (Karniadakis et al. 2005). The

mean free path for air at standard conditions is about 65 nm.

As a result, the aforementioned nano-scale confined flows

are mostly in the transition and free molecular flow regimes.

Kinetic theory based analyses of these flows utilize ana-

lytical and numerical solutions of the Boltzmann equation

(Sone et al. 1990; Fukui and Kaneko 1987, 1990), and the

direct simulation Monte Carlo method (Bird 1994; Park

et al. 2004; Bahukudumbi et al. 2003).

Rarefied gas flows gas can be characterized by the

Reynolds (Re), Mach (M), and Knudsen (Kn) numbers.

However, these three parameters for ideal gas flows are

interdependent by,

Kn ¼
ffiffiffiffiffiffi

p
c
2

r

M

Re
; ð1Þ

where c is the ratio of specific heats. As a result, dynamic

similarity of rarefied gas flows can be maintained by

matching only two dimensionless parameters, preferably

the Kn and M (Beskok and Karniadakis 1994). Kinetic

theory based investigations of nano-scale gas transport

assume ‘‘dynamic similarity’’ between the gas flows in low
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pressure environments (i.e., large k) and small scale

domains. Such characterizations often neglect the surface

force interactions between gas and wall molecules. Even

for the most simplified case of atomically smooth non-

charged surfaces, van der Waals force field interactions

between the wall and gas molecules induce variations in

momentum and energy transport within the wall force field

penetration depth, which extends typically three molecular

diameters (*1 nm) from each wall. As a result, 40% of a

5.4 nm wide channel would experience the wall force field

effects, within which the transport could significantly

deviate from the kinetic theory predictions.

Analysis of fluid behavior near a surface requires proper

investigations of the wall force field effects. This can be

achieved either utilizing simplified wall potential models

that ignore the atomic structure of surfaces (Steele 1973), or

via three-dimensional molecular dynamics (MD) simula-

tions. Inside the wall force penetration depth, solid surface

induces body forces on fluid molecules, which result in

surface induced stresses. Stresses generated by the surface–

particle interactions are identified as the ‘‘surface virial.’’

Our earlier study was focused on the stress variations in gas,

dense gas and liquid argon confined in stationary nano-

channels, where the ‘‘surface virial’’ created anisotropic

normal stresses for dilute and dense gas phases while the

normal stresses became isotropic and recovered the ther-

modynamic pressure sufficiently away from the surfaces

(Barisik and Beskok 2011). These previous studies were

performed in stationary channels and employed equilibrium

MD simulations. As a result, they did not focus on flow and

tangential momentum exchange of gas molecules with walls.

The tangential momentum exchange between a surface

and gas can be characterized using the tangential

momentum accommodation coefficient, TMAC (a), which

was introduced by Maxwell as the fraction of gas mole-

cules reflected diffusively from a solid surface. Specifically

a = 1 and a = 0 correspond to diffuse and specular

reflections, respectively. Despite the presence of other

scattering kernels, such as the Cercignani–Lampis model

(Cercignani and Lampis 1971), most theoretical and

numerical research on rarefied gas flows utilizes Maxwell’s

gas–surface interaction model due to its simplicity. As a

result, several experimental and numerical studies were

conducted for determination of TMAC. Experimental

research ranged from molecular beam experiments to gas

flow experiments in the slip and early transition flow

regimes (Arkilic et al. 2001; Bentz et al. 1997, 2001;

Goodman and Wachman 1976; Gronych et al. 2004;

Rettner 1998; Sazhin et al. 2001), while the numerical

research includes MD simulations of single-molecule

interactions with crystalline surfaces (Arya et al. 2003;

Chirita et al. 1993, 1997; Finger et al. 2007), two- and

three-dimensional MD simulations for Kn \ 1 flows (Cao

et al. 2005; Sun and Li 2010, 2011), and coupled MD/

DSMC models (Yamamato et al. 2006).

Fluid behavior in the wall force penetration region

depends mostly on the properties of the surface–gas pair. In

order to show this, we pick a specific gas–surface pair, and

show independency of the near wall fluid behavior on

channel dimensions (H) and flow dynamics (Kn). Therefore,

the surface and gas properties, and the surface–gas inter-

action parameters are kept constant, while the channel

height and gas densities are varied to explore and categorize

gas flow inside the force penetration depth. MD results are

compared with the solutions of the linearized Boltzmann

equation in literature (Sone et al. 1990) at various modified

Knudsen number (k) values, defined as k ¼
ffiffi

p
p

2

� �

Kn.

The objective of this manuscript is to investigate the

deviations of nano-scale confined shear-driven gas flows

from kinetic theory predictions due to the wall force field

effects. This study shows a universal behavior inside the

wall force penetration depth, regardless of the character-

istic dimensions of confinement, gas density and the

Knudsen number. In order to address this, two different sets

of molecular dynamics simulations are conducted. In the

first set of simulations, we varied H and density to compare

the results of k = 10 flow in different height nano-chan-

nels, and studied dimensional effects on dynamically

similar flow conditions. In the second set of simulations,

we varied the channel height and kept the local pressure

and temperature constant, and varied k from early transi-

tion to free molecular flow regime. Thus, we were able to

investigate k dependency of the surface influence. Findings

of this research clearly indicate the importance of wall

force field effects in nano-scale confinements, mostly

neglected in previous gas flow studies.

This paper is organized as follows: in Sect. 2, we

describe the MD simulation parameters, explain the stress

tensor computations and methods utilized in the MD

algorithm. In Sect. 3, we present gas flow results at k = 10

and at various k values in two sub sections. Comparisons

are made on density, normal stress, shear stress, and

velocity profiles for each case. Kinetic and virial contri-

butions of shear stresses are investigated separately, and

the importance of surface virial terms is presented. MD

predictions of shear stress and velocity profiles are com-

pared with the kinetic theory calculations, and TMAC

values are predicted. Finally, Sect. 4 presents the conclu-

sions of this study.

2 Three-dimensional MD simulation details

We consider argon gas flow confined between two infinite

plates that are a distance H apart as illustrated in Fig. 1.
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Periodic boundary conditions were applied in the axial (x)

and lateral (z) directions. Atomistic walls move in opposite

directions with a characteristic velocity corresponding to

Uw ¼ M
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ckbT=m
p

; where M is the Mach number, c is the

adiabatic index (5/3 for monatomic molecules), kb is

the Boltzmann constant (1.3806 9 10-23 J K-1), T is the

temperature, and m is the molecular mass of gas molecules.

Mass for an argon molecule is m = 6.63 9 10-26 kg,

its molecular diameter is r = 0.3405 nm and the depth of

the potential well for argon is e = 119.8 9 kb. For sim-

plicity, the walls have molecular mass and diameter

equivalent to argon (mwall = mAr, rwall = rAr) with FCC

(face-centered cubic) structure, and (1,0,0) plane faces the

gas molecules.

Lennard–Jones (L–J) 6–12 potential was utilized to

model the van der Waals interactions between gas–gas and

gas–wall molecules. In this study, we utilized the potential

strength for gas–wall interactions to be the same with that

of gas–gas molecular interactions (ewall–Ar = eAr–Ar). Since

the L–J potential vanishes at larger molecular distances,

only the interactions with particles within a certain cut-off

radius (rc) need to be calculated. Therefore, the intermo-

lecular interaction forces were truncated and switched to

zero at a certain cut-off distance (Allen and Tildesley

1989). The truncated (6–12) Lennard–Jones (L–J) potential

given as:

VtruncatedðrijÞ

¼ 4e
r
rij

� �12

� r
rij

� �6
 !

� r
rc

� �12

� r
rc

� �6
 ! !

; ð2Þ

where rij is the intermolecular distance, e is the depth of the

potential well, r 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 3.17r for argon molecules.

At this cut-off-distance the attractive part of the L–J

potential is reduced to 0.00392e. Our algorithm utilized the

well known link cell method to handle particle–particle

interactions (Allen and Tildesley 1989).

Gas states evolve through intermolecular collisions sep-

arated by ballistic motion of particles characterized by the

mean free path (k). Molecular dynamics (MD) simulations

in three-dimensional computational domains need to span at

least one mean free path per periodic (lateral and axial)

direction in order not to affect the gas intermolecular colli-

sions (Barisik et al. 2010). This requirement renders MD

simulations of gas flows computationally overwhelming due

to the excessive number of wall molecules. For this reason,

MD based studies of nano-scale confined gas flows are quite

limited in the literature. In order to address this limitation,

we developed a smart wall MD (SWMD) algorithm to

reduce the memory requirement of wall modeling (Barisik

et al. 2010). For three-dimensional FCC crystal structured

wall with 0.54 nm cube side length and (1,0,0) plane facing

the gas molecules, the SWMD limits memory use of a semi

infinite wall slab into a stencil of 74 wall molecules by uti-

lizing the aforementioned cut-off distance for L–J potential,

and enables modeling of gas flows within sufficiently large

three-dimensional domains. FCC wall structure details are

shown in Fig. 2. The current SWMD is a fixed lattice model,

where the wall molecules are rigid and keep their corre-

sponding FCC positions (i.e., cold wall model). Hence, there

is no thermal motion of wall molecules.

Overall the computational domain sizes were chosen

according to k of the simulated gas states. Thus, for the first

simulation set of argon gas flow in the free molecular regime,

domain sizes of 54 nm 9 5.4 nm 9 54 nm, 108 nm 9

10.8 nm 9 108 nm, and 162 nm 9 16.2 nm 9 162 nm

(k 9 H9k) were selected at different pressures to render

k = 10 flow within different channel sizes. For various k

flows at standard conditions, simulations were performed

inside 5.4, 10.8, 27, 54, and 108 nm height channels with a

constant domain span equal to 54 nm in length and width.

Simulation details can be found in Table 1.

Fig. 1 Sketch of the simulation

domain with explanation of the

wall force penetration depth
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Simulations started from the Maxwell–Boltzmann

velocity distribution for gas molecules at 298 K. Initial

particle distribution was evolved 106 time steps (4 ns) to

reach an isothermal steady state using 4 fs (*0.002s) time

steps, after which, 2 9 106 time steps (8 ns) were per-

formed for time averaging. Longer time averaging has also

been performed to confirm convergence of the density,

stress, and velocity profiles to the steady state. Particularly,

simulation times were compared with the mean collision

times to result in a state amenable for time or ensemble

averaging. The mean collision time is predicted by the ratio

of k to the mean thermal speed cm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8RT=p
p

; where R is

the specific gas constant (208.132 J K-1 kg-1 for Ar) and

T is the gas temperature. In order to capture the property

variations within the near wall region accurately and using

the same resolution, all simulation domains were divided

into equally sized bins of 0.054 nm in height in the wall

normal direction. As a result, k = 10 cases use 100 slab

bins, while k = 0.5 case utilizes 2,000 slab bins.

We employed the canonical ensemble (NVT, i.e., con-

stant mole, N, volume, V, and temperature, T) by utilizing a

thermostat. Initially, Nose–Hoover thermostat (Evans and

Hoover 1986) was applied to all fluid molecules at each

time step to obtain isothermal condition of 298 K with a

relaxation time of *0.2 ps. This resulted in temperature

variations in the near wall regions even for very low wall

velocities (16 m/s, M = 0.05), and became more signifi-

cant for moderate wall speeds of 64 m/s (M = 0.2).

Detailed discussions about using Nose–Hoover thermostat

for gas simulations are out of scope of this manuscript, and

will be presented elsewhere. In order to maintain a constant

temperature system in our study, the Nose–Hoover algo-

rithm was employed as a global thermostat inside the local

sub-domains. We divided the flow domain into sub-

domains having 0.54 nm heights through the entire span

which is 10 times larger than the utilized bin size. By this

way, similar numbers of particles were obtained inside

each sub-domain. Thus, each sub-domain had the same

Hamiltonian. Applying the global Nose–Hoover thermostat

inside each sub-domain was able to maintain constant

temperature in the entire flow domain.

Irving–Kirkwood (I–K) expression was utilized to

compute the stress tensor components for an N particle

system with unity differential operator approximation as

follows (Irving and Kirkwood 1950, Todd et al. 1995),

Skl ¼
1

vol

XN

i
mi Vi

k � �Vi
k

� �

Vi
l � �Vi

l

� �

þWkl

D E

; ð3Þ

Wkl ¼
1

2

XN

i;j
r j

k � ri
k

� �

f i;j
l ; ð4Þ

where the first term on the right hand side of Eq. 3 is the

kinetic, and the Wkl term is the virial component. In the

kinetic part, mi is the atomic mass of particle i, while k and

l are the axes of the Cartesian coordinate system, Vi
k and Vi

l

are the peculiar velocity components of particle i in the k

and l directions, and �Vi
k and �Vi

l are the local average

streaming velocities at the position of particle i, in the k and

l directions, respectively. The local streaming velocities

within each bin were initially calculated and subtracted

from the local molecular velocities. For the virial compo-

nent, (r j
k � ri

k) in Eq. 4 is the kth component of the relative

distance vector between particles i and j, and f i;j
l is the lth

component of the intermolecular force exerted on particle i

by particle j. Virial of each molecule is calculated

according to its interactions with the other molecules that

are one cut-of-distance away by using Eq. 4 in the link cell

Fig. 2 The schematics of the unit FCC fixed lattice for solid walls

Table 1 MD simulation details for argon gas at 298 K

k ¼
ffiffi

p
p

2

� �

Kn Domain W 9 H 9 L (nm) # Argon molecules q (#/nm3) q (kg/m3) qbulk (#/nm3) Pbulk (kPa)

k = 10 54 9 5.4 9 54 450 0.0286 1.896 0.0275 113.65

108 9 10.8 9 108 1800 0.0143 0.948 0.014 58.07

162 9 16.2 9 162 4050 0.0095 0.632 0.0094 38.93

k = 5 54 9 10.8 9 54 900 0.0286 1.896 0.028 115.11

k = 2 54 9 27 9 54 1350 0.0286 1.896 0.0283 116.2

k = 1 54 9 54 9 54 4500 0.0286 1.896 0.0285 116.56

k = 0.5 54 9 108 9 54 9000 0.0286 1.896 0.0285 116.73
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algorithm. After which, Eq. 3 is applied inside each aver-

aging bin for each time step.

Atomistic stress calculations using the I–K expression

require evaluation of the kinetic and virial contributions in

Eq. 3. The kinetic component is a function of the particle

velocities, and considers momentum of particles. Relating

the temperature of a system with its kinetic energy, the

equipartition theorem explains ideal gas equivalence of this

term, as
SxxþSyyþSzz

3
¼ 1

3Vol

PN
i miðVi

k � �Vi
kÞ

2
D E

¼ NkT
Vol
¼ P.

Thus, the kinetic part captures the ideal gas law regardless

of the fluid’s state. The second term in the Irving–Kirk-

wood expression is the virial part, which considers internal

contributions from intermolecular forces between the

molecules. Specifically, the virial part shown in Eq. 4 has

two additive components originating from particle–particle

and surface–particle interactions. For a domain free of solid

boundaries, particle–particle virial acts as a correction to

the ideal gas law by taking account the particle interac-

tions. Thus, molecular dynamics can estimate the correct

thermodynamic state in various density domains by cal-

culating the particle–particle virial terms using a suffi-

ciently large intermolecular interaction cut-off distance.

For a detailed investigation of normal stress calculations

for gas, dense gas, and liquid domains, the readers are

referred to (Barisik and Beskok 2011). Surface force field

effects on the stress distribution are calculated using the

surface–particle virial, which has significant contributions

to all components of the stress tensor within the wall force

field penetration region.

3 Results

In the following, we present two different sets of results.

Initially, we present shear-driven gas flow in the free

molecular regime at k = 10 using different size nano-

channels at various pressures. This is followed with gas

flow at different size channels at fixed pressure and tem-

perature spanning transition and free molecular flow

regimes (0.5 B k B 10).

3.1 Gas flows at k = 10

We first focus on argon gas flow within 5.4, 10.8, and

16.2 nm height channels at 1.896, 0.948, and 0.632 kg/m3

densities, respectively (see Table 1). Shear-driven flow is

obtained by moving the top and bottom channel walls in

opposite directions at the same speed. Density variations at

fixed temperature (298 K) result in different pressures and

mean free path values. As a result, the channel height is

varied to obtain k = 10 flow at different pressures. Kinetic

theory based solutions of these flows are identical and

determined by the Knudsen and Mach numbers. Our

objective is to test the nano-scale confinement effects by

varying the channel height at a fixed k value. Figure 3

shows snapshots of the simulation domains. Gas molecules

are shown in green, while presence of a gas molecule

within the wall force penetration region requires utilization

of the smart wall stencil on the surface, shown in blue and

black on the bottom and top surfaces of the channel,

respectively.

Density distributions are plotted in Fig. 4a within 2 nm

distance from the top wall of each channel. Density is a

constant in the bulk of the channels while near surface

regions have density buildup with a single peak point. This

density increase is due to the wall force field, which

induces increased particle residence time inside the force

penetration depth. In particular, density starts to deviate

from its bulk value around 2.5r from the wall. For the

H = 5.4 nm case, the near wall density buildup decreases

bulk density to 96.1% of its assigned value. This density

reduction is a result of constant number of gas molecules

(N) used in MD simulations, which diminishes as the ratio

of the wall force penetration depth to channel height

decreases. The figure also includes a schematic of the wall

and gas molecules, to emphasize the scales involved in the

problem. The wall is defined at the center of the first row of

wall molecules facing the fluid. As a result, gas molecules

cannot penetrate to several bins neighboring the wall, and

gas density goes to zero within 0.2 nm from the walls.

Figure 4b illustrates the density profiles in 5.4, 10.8, and

16.2 nm height channels normalized with the channel

center densities of 0.0275, 0.014, and 0.0094 #/nm3,

respectively. Although the simulations were at different

densities, normalized density profiles are identical. Density

profile in a 5.4 nm height channel without wall motion

(i.e., no-shear) obtained using an NVE system at 298 K is

also presented for comparison. Identical density profiles

validate our present thermostat technique. The density

build-up of each case is linearly proportional to the channel

center density. Density variation inside the force penetra-

tion depth is a result of the wall force field and only

depends on the gas-surface interaction properties. It is

unaffected by the channel height, flow, and density.

Figure 5 shows normal stress profiles for k = 10 flows

within 2 nm distance from the top wall of each channel.

The yy-components of the normal stress variations are

shown in Fig. 5a. Different densities in different height

channels led to different stress values. Normal stresses are

constant in the bulk regions and equal to pressure based on

the ideal gas law, while the walls induce variations inside

the force penetration depth. These variations arise from

both kinetic and virial contributions of I–K stress calcula-

tions due to the density variations and surface-particle

interactions, respectively. Since the gas molecules cannot

Microfluid Nanofluid (2011) 11:611–622 615
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penetrate to the bins neighboring the wall, stress values

reach zero very near the walls (*0.2 nm). Figure 5b, c

shows the yy- and xx-components of the normal stresses,

normalized using the channel center values of 113.65,

58.07, and 38.93 kPa for the 5.4, 10.8, and 16.2 nm height

channels, respectively. Exact match is obtained between

the normal stresses in different density domains indicating

independency of the wall force field penetration depth

behavior to the characteristic dimensions of the domain,

gas density, and flow. The normal stress profiles obtained

in a stationary (i.e., no-shear) NVE system are also shown

in Fig. 5a, b, and c. The yy- and xx-components of normal

stresses in the no-shear system are identical with the stress

profiles obtained for shear-driven gas flow. This shows that

the normal stresses in shear-driven nano-flows are unaf-

fected by the tangential wall motion, as expected. In

addition, identical results obtained between the NVE sys-

tem and the current results validate our present thermostat

technique. An important result in Fig. 5 is that the normal

stresses are anisotropic in the wall force field penetration

region. In fact, xx- and zz-components of normal stresses

are identical, while the yy-component of normal stress

differs due to differences in the surface virial effects.

Detailed investigation of normal stress distributions inside

stationary nano-scale channels can be found in (Barisik and

Beskok 2011).

Gas velocity profiles normalized with the wall velocity

(64 m/s) are plotted in Fig. 6a. The velocity components in

y- and z-directions have zero average values, confirming

one dimensional flow in x-direction (not shown for

brevity). We show the velocity profiles within half of the

nano-channel. In order to compare the bulk portions of the

velocity profile with each other, we present velocity vari-

ation as a function of the non-dimensional channel height

(y/H). The velocity profiles obtained using linearized

Boltzmann equation at k = 10 subjected to the TMAC (a)

values of a = 1 and a = 0.75 are also presented. The MD

based velocity profiles agree well with the kinetic theory

predictions adopted from reference (Sone et al. 1990) in the

middle of the channels. Better match between the MD

results and linearized Boltzmann solutions using TMAC

value of a = 0.75 is observed for all cases. MD results

show sudden changes in the velocity profile within the

force penetration depth (i.e., approximately 1 nm away

from each surface). Overlays of this region on flow

domains are differently visualized in Fig. 6a due to the use

of different channel heights and utilization of normalized

distance (y/H) in the figure. In order to clarify the influence

of the wall force field, we zoom on the velocity profiles

within 2 nm from the top wall in Fig. 6b. Identical velocity

variations in the near wall region are observed despite of

different shear rates in the bulk region, and different

channel heights. Gas velocity increases rapidly within the

force penetration region, and suddenly goes to zero on the

walls, since the gas molecules cannot penetrate to several

bins immediately neighboring the wall. Extrapolation of

the velocity profile on to the walls shows reduction in the

velocity slip for this particular case, which could be as a

result of ewall–Ar/eAr–Ar = 1 used in this study. This is a

drastic difference from the linearized Boltzmann equation

108x10.8x108 nm
54x5.4x54 nm

162x16.2x162 nm

H

Fig. 3 Snapshots of 5.4, 10.8,

and 16.2 nm height channel

simulation domains at k = 10
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Fig. 4 a Density and

b normalized density

distributions for k = 10 flows

inside 5.4, 10.8, and 16.2 nm

height channels at number

densities of 0.0286, 0.0143, and

0.0095 #/nm3, respectively.

Normalizations are made using

the channel center densities of

0.0275, 0.014, and 0.0094 #/

nm3. The no-shear case

corresponds to thermostat free

NVE results obtained in 5.4 nm

height channel at k = 10 and

298 K
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solutions at different TMAC values, which indicate sub-

stantial velocity slip on the walls.

Shear stress distributions in the nano-channels are

plotted in Fig. 7 within 2 nm distance from the top wall of

each case. In Fig. 7a constant wall velocity of 64 m/s

(M = 0.2) results in various shear rates inside different

height channels. Since the channel velocity was kept con-

stant, the shear stresses vary linearly with the shear rate;

proving linear stress–strain rate relationship for constant

k flows. This and the earlier results on density and normal

stress variations show that simulations are in the linear

shear response region (i.e., applied shear rate does not

induce any non-linear effects). Shear stress values are

constant in the bulk region, while the surface virial induces

variations near the walls with single peak points that are

linearly proportional to the bulk shear stress values. In

order to compare the shear stress profiles at a constant

shear rate, wall velocities are adjusted according to the

channel heights. Figure 7b shows shear stress variation in

channels moving at M = 0.1, 0.2, and 0.3 for the 5.4, 10.8

and 16.2 nm height channels, respectively. Shear stress

variations within the wall force penetration region in dif-

ferent sized channels at a constant shear rate are identical.

This validates linear shear response and linear stress–strain

rate relationship for constant k flows inside the nano-

confinements.

Shear stresses are constant in the bulk of the channels,

and show variations within 0.34 nm (*r) from wall. In

order to explain the surface force effects on shear stress, we

present in Fig. 8, the shear stress variation within 5.4 nm

channel as the sum of its kinetic and virial contributions.

Shear stress is defined by the kinetic term in most of the

domain. Using a similar definition, kinetic theory based

solution techniques utilize the kinetic evolution of mole-

cules to calculate shear stresses only by considering par-

ticle velocities. The figure shows that the kinetic

component of shear stress goes to zero within approxi-

mately r distance from the wall. However, the surface

virial increases starting from one sigma distance from wall

till the impenetrable zone for gas molecules where the

density diminishes (i.e., 0.2 nm B y B 0.34 nm). Interest-

ingly, density and density related properties are in a
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decreasing trend in the same region while the surface virial

term peaks. This region, from one sigma distance to zero

density, is the main location where the wall and gas mol-

ecules interact with strong repulsive forces.

Based on the kinetic theory of gases, shear stress for

shear-driven flow in the free molecular flow regime

(Kn ? ?) can be written as (Fukui et al. 2005),

s1 ¼ �
a

2� a
qU

ffiffiffiffiffiffiffiffiffi

RTw

2p

r

ð5Þ

where Tw is the wall temperature (298K). The TMAC value

can be interpreted as a portion of molecules reflecting

diffusively, while and (1 - a) portion reflecting specularly.

As can be seen, pure specularly reflecting wall will not

drive the fluid, and result in zero shear stress, while lower

TMAC values will result in lower shear stress. We cannot

directly apply Eq. 5 to predict the TMAC value for our

simulations at k = 10. In order to consider the finite

Knudsen number effects we utilized the following

correction uniformly valid in the free molecular to slip

flow regimes (Bahukudumbi et al. 2003).

s
s1
¼ 0:5297Kn2 þ 1:206Kn

0:5297Kn2 þ 1:6277Knþ 0:603
ð6Þ

Utilizing Eqs. 5 and 6, we predicted the TMAC value

for argon gas flow confined in different height channels at

k = 10 to be a = 0.75. Theoretical shear stress values

calculated for TMAC values of 1.0 and 0.75, and MD

results are shown in Fig. 9a for 5.4 nm height channel.

This result shows that the atomically smooth FCC wall

structures using ewall–Ar/eAr–Ar = 1 does not exhibit full

diffusive reflection. Our studies with other e ratios (not

shown for brevity) have consistently shown that the TMAC

value and shear stress decreases with decreased the ewall–Ar

value. We verified the consistency of our shear stress

results with the velocity profile. Figure 9b shows the

kinetic theory prediction of velocity distribution for k = 10

flow at TMAC values of a = 1 and a = 0.75. We observed

that the linearized Boltzmann solution for a = 0.75

matches the MD based velocity predictions better than

the a = 1 case in the bulk flow region. Same approach is

conducted on all cases of different channel heights with

constant wall velocity or constant shear rate conditions. A

constant TMAC value (a = 0.75) is found for all cases,

independent of the channel height, density, channel

velocity, and applied shear rate.

3.2 Gas flows at various k

Shear-driven gas flows in nano-channels are investigated in

the early transition to free molecular flow regime by sim-

ulating argon gas at 298 K and 116 kPa inside 5.4, 10.8,

27, 54, and 108 nm height channels. Simply by chancing

the channel heights and keeping the domain density con-

stant, we obtained the k = 10, 5, 2, 1, and 0.5 flows. Thus,
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we were able to investigate k dependency of the surface

influence from early transition to free molecular flow

regimes. Since all simulations are at the same density, k is

constant. Thus, computational domain spans k in periodic

directions for all cases. Figure 10 shows the simulation

domains for different height channels, corresponding to

different k values.

Figure 11a shows density distributions within 2 nm

distance from the top wall of each domain. Density is a

constant in the bulk region, and increases in the near wall

region due to the increased residence time of molecules

under the surface effects. For the 5.4 nm height channel,

bulk density reduces to 96.1% of its assigned average value

due to increased density near the walls. This density

reduction in the bulk region vanishes as the channel height

increases and becomes negligible for the 108 nm case.

Density profiles are identical both in the bulk and in the

force penetration regions despite different channel heights

and k values.

The yy- and xx-components of normal stresses are

shown in Fig. 11b, c, respectively. The normal stress pro-

files are identical for all cases. Three mutually orthogonal

components of the normal stresses are constant and equal

in the bulk region. Hence, the pressure is calculated using

averaged normal stress, and was found to be *116 kPa for

each case, which is equal to the ideal gas predictions.

Inside the force penetration depth, normal stress profiles

are non-isotropic. This behavior emerges from the surface

virial term due to the wall effects.

Velocity profile for k = 1 flow (H = 54 nm) in half of

the channel and the linearized Boltzmann solution at k = 1

using a = 1.0 and 0.75 are plotted in Fig. 12a. Despite

thermal fluctuations due to the use of very small bins, MD

results agree better with the theory using a = 0.75 in the

bulk region, while deviations from the kinetic theory

solution are still observed inside the force penetration

depth. Since these deviations are confined in the 3r region,

their influence extends only 4% of the domain for 54 nm

height channel. Figure 12b shows velocity profiles for

various k flows within 2 nm distance from the top wall.

Different profiles inside the force penetration depth shows

effects of the Knudsen number on the near wall velocity

profiles. Velocities in the near wall region increase with

decreased k values due the rarefaction effects.

Constant wall velocity used in all cases (64 m/s) creates

different shear rates depending on the channel height and

k value. Figure 13a shows shear stress distributions in

various k flows. Shear stress is constant up to one sigma

distance from the wall. After which, surface virial com-

ponent induces variations near the walls with single peak

points linearly proportional to the bulk shear stress values.

Constant shear cannot be achieved by simply adjusting the

wall velocities, since the resulting shear response for dif-

ferent Knudsen flows is different. In order to make a

comparison of shear stress variations inside the force

penetration depth, we normalized the shear stress values

with their corresponding bulk values of -13.17, -12.91,

-11.21, -9.42, and -7.73 kPa for the 5.4, 10.8, 27, 54,

and 108 nm height channels, respectively. Figure 13b

shows identical normalized shear stress distributions in the

force penetration region for all five cases. Hence, the

normalized shear stress variation in the near wall region is

independent of the channel dimensions, shear rate and the

Knudsen number.

Theoretical shear stress values are calculated using

Eq. 5 with finite Knudsen number correction in Eq. 6 for

various k values. Similar with the earlier cases, we pre-

dicted the TMAC values for argon gas flow at k = 0.5, 1,

2, 5, and 10 to be a = 0.75.

4 Conclusions

The SWMD results of shear-driven argon gas flows in

nano-channels revealed significant wall force field effects

on the velocity, density, shear stress, and normal stress
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distributions in the near wall region that extends about 3r
from each surface. Within this region a density build-up

with a single peak point is observed. Normal components

of the stress tensor are anisotropic, and dominated by the

surface virial. Results show that the density and normal

stress variations are scalable by the bulk density and

pressure, and their behavior are unaffected by the shear-

driven flow, channel dimensions, and gas rarefaction. The

velocity profiles show sudden increase in gas velocity

within this region. This behavior is independent of the

channel dimensions and density, however, varies as a

function of the Knudsen number due the rarefaction effects.

Outside the ‘‘near wall’’ region, pressure is defined by the

ideal gas law and the velocity distribution is predicted by

kinetic theory based on the Boltzmann equation. Shear

stress values are constant in the bulk region, while the

surface virial induces variations very near the walls with a

single peak point scalable with the bulk value. Simulation

results verify linear stress strain-rate relationship at con-

stant Knudsen values. Another important aspect of our
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findings is that one can predict the TMAC using 3D

SWMD simulations. As a result, atomically smooth FCC

crystal walls with (1,0,0) plane facing the gas resulted in

TMAC = 0.75, independent of the Knudsen number in the

transition and free molecular flow regimes.

Over all the results show that the wall force field pen-

etration depth is an additional length scale for gas flows in

nano-channels, breaking the dynamic similarity between

rarefied and nano-scale gas flows solely based on the

Knudsen and Mach numbers. Hence, one should define a

new dimensionless parameter as the ratio of the force field

penetration depth to the characteristic channel dimension,

where the wall effects cannot be neglected for large values

of this dimensionless parameter.
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