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Density and confinement effects on fluid velocity slip

Carlos Corral-Casas®,” Yichong Chen ®, Matthew K. Borg®, and Livio Gibelli ¥
Institute for Multiscale Themofluids, School of Engineering, The University of Edinburgh,
Edinburgh EH9 3FB, United Kingdom

M (Received 22 May 2023; accepted 6 February 2024; published 11 March 2024)

Understanding the velocity slip of fluids in channels of molecular length scales is
essential for accurately manipulating their flow in engineering applications, such as in
water desalination or, by reversing the process, osmotic power generation. This study
addresses two major open questions, namely (a) the range of validity of the Navier-Stokes
equations with slip boundary conditions in describing fluid flows within channels of molec-
ular confinement, and (b) the effect of fluid density and confinement as well as surface
properties, such as microscopic roughness and curvature, on fluid slippage along walls.
Using a hard-sphere fluid model and describing the fluid-wall interactions by the Maxwell
scattering kernel, an event-driven molecular dynamics simulation study was performed in
planar and cylindrical channels of different sizes and accommodation coefficients with
varying fluid densities. The results show that the well-known criterion for the slip solution,
which is valid in rarefied conditions, also holds for a dense gas, i.e., the predictive accuracy
improves with decreasing Knudsen numbers, as long as the channel size is larger than
about ten molecular diameters. We also find that the key quantity influencing the friction
coefficient of a fluid is the peak density at the walls, rather than the nominal density, the
fluid confinement, or the channel curvature, as found in previous studies. In particular,
higher nominal densities lead to higher density peaks, and therefore a decrease in slip,
while tighter confinements lead to lower density peaks, and therefore an increase in slip,
regardless of channel geometry. Furthermore, the velocity slip depends on the microscopic
roughness via the Smoluchowski factor. These findings are a stepping stone towards
a deeper understanding of the molecular mechanisms underlying fluid velocity slip in
molecular-scale channels.

DOI: 10.1103/PhysRevFluids.9.034201

I. INTRODUCTION

The study of isothermal gas flows in small channels has been instrumental in the development
of micro-electro-mechanical devices (MEMS) [1]. In these systems, gases flow through channels
that are only a few micrometres wide, so that the mean free path A, or the average distance
between collisions for gas molecules, approaches the same order of the flow characteristic length
of the channel, L. As a result, gas particles begin to collide more frequently with the walls of the
system and less frequently with other particles, which means that they deviate from the quasi-local
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thermodynamic equilibrium assumption of continuum fluid dynamics [2], where the degree of
nonequilibrium is quantified by the Knudsen number, Kn = 1 /L. The Boltzmann equation provides
an accurate description of these dilute gas flows over the whole range of Kn, but its asymptotic
solution shows that the Navier-Stokes equations can also be applied [3] for slight nonequilibrium
conditions, where Kn 0.1, provided that the gas is allowed to slip along the surface. The velocity
slip at the wall is typically expressed as the product of the slip length times the velocity gradient
normal to the wall, where the former is simply proportional to the mean free path by a constant
factor known as the slip coefficient [4].

Recent advances in technology have led to a shift in focus from the microscale to the nanoscale
[5,6]. In nanoscale engineering applications, the flow characteristic length becomes similar to the di-
ameter of the fluid particles o, which has significant implications, such as the fact that the quasilocal
thermodynamic equilibrium assumption may not hold even at relatively high fluid densities. Under
these conditions, the behavior of the fluid becomes dependent on the complex interplay between
dense effects (A ~ o) and tight geometries (L ~ o), which leads to spatial inhomogeneities with
preferential ordering in the density profile near the boundaries [7], as well as a material depletion
in the central homogeneous region when compared to the nominal density [8]. A notable example
of the unexpected fluid behavior that occurs within channels of molecular confinement is that the
pressure-driven mass flow rate is found to increase monotonically with decreasing fluid density
[9,10], rather than forming a minimum as it does for dilute gas flows [11,12].

While experiments can provide some insight into nanoscale fluid transport [13—15], molecular-
based approaches, such as the Enskog equation or molecular dynamics (MD), are better suited to
unravel the physics of fluids at the nanoscale [16—19]. In these studies, it has been found that the fluid
structuring extends throughout the entire channel when the confinement is very tight (L/o < 10),
making the continuum approximation inapplicable. In such extreme conditions, a hydrodynamic-
like approach is still possible, but requires the transport coefficients to be spatially dependent and
even nonlocal if the channel is only a few molecular diameters in size [20,21].

On the other hand, if the fluid confinement is relatively moderate (L/o Z 10), the conventional
Navier-Stokes equations with slip boundary conditions may be valid for some fluid densities, but
with some caveats. In particular, the bulk viscosity must be used instead of the nominal viscosity
as for unconfined fluids [22] (see Fig. 1 for a visual comparison of these two values), but this
introduces uncertainty as the bulk viscosity is not known a priori and depends on the confinement
of the fluid. Furthermore, the slip length now depends on both the fluid state and the wall in a highly
nontrivial way, e.g., the slip length is affected by the fluid structure induced in the directions parallel
to the walls [23] and, beyond a threshold, becomes a nonlinear function of the strain rate at the wall
[24]. Wetting phenomena [25], the hydrophobic and hydrophilic nature of walls [26], and surface
macroscopic roughness [27] have also been found to play a role. Over the years, several models
have been developed to describe the slip length from a molecular perspective, including the variable
density Frenkel-Kontorova model [28,29] and expressions based on the so-called molecular kinetic
theory [30,31], among a myriad of other derivations [32-34].

In this work we aim to address two fundamental questions about molecular-confined fluids that
remain elusive despite extensive research: (a) to formulate a quantitative validity criterion for the
solution of the Navier-Stokes equations with slip boundary conditions, and (b) to determine the
dependence of the fluid slippage on the density and confinement of the fluid, as well as on the
surface curvature and microscopic roughness. The first question has not been examined in the
literature and it is uncertain whether the criterion established for dilute gases at the microscale, based
on the Knudsen number, is applicable to dense, nanoscale-confined fluids. The second question is
crucial for resolving the inconsistencies observed in the results of studies on planar and cylindrical
geometries, with some suggesting that curvature is the primary factor controlling slip length [35,36],
while others show different results [37]. To address the above questions, we have considered
a fluid composed of hard-spheres interacting with walls through the Maxwell scattering kernel.
Although this modeling approach does not capture all the details of realistic fluid-wall interactions,
it can provide valuable insights into the velocity slip by unravelling the essential features with the
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FIG. 1. The schematic depicts a planar channel with nominal height A and characteristic length
L = H — o, with typical density (left) and velocity (right) profiles. The density profile shows the structuring
of the fluid close to the walls, with the first dip marking the boundary of the A layer, which is approximately
one molecular diameter away from the walls. As highlighted in the inset, three different velocity slips can
be defined, namely as the mean velocity in the A layer, assuming that the density there is constant u A, the
apparent velocity at the boundary which gives the Navier-Stokes velocity profile in the fluid bulk u, 4, and the
real fluid velocity at the boundary ug ;).

most relevant impact. An extensive simulation campaign was then carried out using event-driven
molecular dynamics (EDMD), in two geometries (i.e., planar and cylindrical channels) with varying
microscopic roughness (as described by the tangential momentum accommodation), and a wide
range of fluid rarefaction and confinement conditions. Complementary MD simulations for argon
confined between platinum surfaces were performed to show that the main results hold for more
realistic systems.

The remainder of the paper is organized as follows. In Sec. II we outline the theoretical treatment
and the different computational methods used to numerically evaluate the fluid velocity slip. In
Sec. III we present the key findings of our research, whereas in Sec. IV we provide an overview of
the significance of our work and future directions for research.

II. METHODOLOGY

A. Slip boundary conditions

The streamwise component of the velocity u, of a fluid flowing in a planar channel can be
described by the Stokes equation

2
LY 1)
x 2
where x is the coordinate normal to the wall, n and w are the bulk fluid number density and shear
viscosity, respectively, and F is the external force per molecule, which can be interpreted as the
pressure gradient —d P/dy acting on the fluid, normalized by the nominal number density.

The governing expression, Eq. (1), must be supplemented with a boundary condition. A first
possibility, which seems very natural for a fluid under molecular confinement, is that presented in
Ref. [38]. This is an integral boundary condition that defines the velocity slip u, as the center-of-
mass velocity of a thin layer of fluid of constant density and finite width A near the wall, which we
will call the A layer. The width of the A layer is defined as the distance from the wall where the
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first density oscillation dip occurs, which varies approximately in the range [0 /2, o] as the density
of the fluid decreases (see Fig. 1). The corresponding integral boundary conditions are

1 —L/2+A
U p = Zf uy dx at the lower wall, (2a)
-L/2
1 L2
U\ = A uy, dx at the upper wall, (2b)
L/2—A

where, by symmetry, u_, = u:r A = U a. Alternatively, one can adopt the Neumann boundary
condition for partial slip’as derived by Navier [39] involving the so-called apparent slip velocity,
commonly used for dilute gases, which linearly relates the tangential component of the velocity
field to the strain rate normal to the wall

0
Wy = L 2| 3)
0X |y—sr/2
where L; is the slip length.
The solution to the boundary value problems, Egs. (1) and (2) or Eqgs. (1) and (3), reads
nFy( , L* LA A? nFy( , L?
"‘y(x)=m<—x +Z—T+? +Ms,A=m —x +Z + Us.app; 4)

and the following one-to-one correspondence can thus be found between the two different velocity
slips (see also the inset in Fig. 1, which illustrates the relationship between u, A and u;, app, both of
which differ from the actual velocity slip at the wall, u rea1)

nky (LA A?
Ug A = Ug app + m 7 B ? ’ (5)

A model for u; A can be derived by considering the balance of momentum on the A layer [38].
The forces acting on this region include the damping force from the wall, the shearing force from the
overlying fluid, and the total external force driving the flow. Accordingly, the momentum balance is

du;A - LA ou,
My = —{oalU 2
dr So.altyp ARG

+ N§F07 (6)
—L/2+A

where m; and N; are the total mass and number of molecules in the A layer, respectively, o a is the
so-called zero-frequency friction coefficient, and A = £, is the surface area of the interface located
between the A layer and the fluid, where the strain rate should be evaluated. In steady conditions,
using the velocity profile given by Eq. (4) and assuming a constant density across the channel, the
velocity slip can be derived as

us A = 5—0L, (7

where & o = £o.a /A is referred to as the interfacial friction coefficient, which relates the transfer of
momentum at the boundary with the velocity slip [40]. As shown in Eq. (7), the velocity slip and
the friction coefficient are inversely related and can therefore be used interchangeably. Note that a
relationship similar to Eq. (7) also relates i ap, and &p app, as can be inferred by letting A go to zero.

The analytical determination of the interfacial friction coefficient is still an open problem, so
numerical methods are commonly used. Once the friction coefficient has been found, the velocity
slip follows from Eq. (7) and the overall velocity field from Eq. (4). This section presented the slip
solution for fluid flow in a planar channel, but a similar solution can be worked out for the fluid flow
in a cylindrical channel, as shown in Appendix A.
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B. Fluid and geometry characterization

In this work, we consider the steady flow of a fluid composed of N hard spherical particles with
diameter o and molecular mass m confined in two different geometries: a planar channel defined
by two parallel plates separated by a distance H = h + o, and a cylindrical channel with diameter
D = d + o. The relevant flow characteristic length L is defined as the effective height 4 and diameter
d of the planar and cylindrical channels, respectively, to account for the finite size o of the hard
spheres [41]; see Fig. 1.

The fluid-wall interactions are described by the Maxwell scattering kernel. Accordingly, a
fraction « of the molecules hitting the wall is assumed to be diffusely reemitted into the fluid after
thermalisation with the wall, while the remaining 1 — « is specularly reflected. The coefficient o
can thus be identified with the tangential momentum accommodation coefficient (TMAC) [2].

The fluid behavior is mainly characterized by two dimensionless groups, namely the nominal
reduced density 1y = ngmwo? /6, where ng is the nominal number density, and the confinement ratio
R = L/o. The reduced density indicates the number of fluid particles in the theoretical volume
occupied by one molecule, and is used to measure the packing fraction, thus distinguishing between
dense (high 1) and dilute (low 1) fluid flows. On the other hand, the confinement ratio is a measure
of the channel size, which, in turn, determines the extent of fluid inhomogeneities. As discussed
in more detail in Sec. III C, larger values of R correspond to stronger ordering in the fluid near
the surface and therefore a more pronounced density peak, whereas lower values of R are associated
with a greater density depletion compared to the nominal density in the central region of the channel.
The Knudsen number can be expressed in terms of the two dimensionless groups above

A 16 w |mkT 1 wr(n)
Kn(n,R)=+ = —C Jo—0 =212 ®)
L 57 PV 2m L  62nZ(n)R
where 7 refers to the bulk reduced density, which is smaller than the nominal one in confined

geometries; see Fig. 1. The definition of the mean free path is based on the shear viscosity u for a
fluid of hard spheres, whose second-order Enskog approximation reads [2]

_ 5 [mkT 5 [mTU[ 16 64 12) o
=602V 7 " T 1602V =« X 5T o5 =)

Note that u, represents the dense gas correction for the shear viscosity of a rarefied gas, and it
depends on the contact value of the pair correlation function yx in uniform equilibrium, which comes
from the equation of state for the hard-sphere fluid P = nkT Z [42]

1 L (14+n+n*—1n° 1 2—n
x=—(Z—1)=—<—3— ="
nb 1-mn 2(1—=mn)

nb
where P is the fluid pressure, k is the Boltzmann constant, T the temperature of the system, Z the
fluid compressibility factor, and b = 253 /3 is the second virial coefficient [2].

(10)

C. Simulation setup

The exact time evolution of the hard sphere system is calculated using EDMD [43]. In these
simulations, the state of the system jumps from one time to another corresponding to the next
collision event by iteratively repeating three basic steps: (a) evaluating the time of the earliest
collision event, (b) moving all particles ballistically for that time interval, and (c) updating the
velocities of the particles that have collided with another particle or the wall, according to the laws
of elastic hard-sphere dynamics or the Maxwell scattering kernel, respectively. It is important to
note that the time step is not constant throughout the simulation run, as it depends on the positions
and velocities of all molecules in the system. To simplify the notation and data analysis, all physical
quantities are made dimensionless in the rest of the paper by considering the molecular diameter
o as the reference length, the particle mass m as the reference mass, and the thermal velocity
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kT /m as the reference velocity, implicitly assuming 7 as the reference temperature and k7 as
the reference energy. As a result of these choices, the dimensionless temperature was set to unity in
our simulations, and the scaling factor for the force is kT /o

For the planar geometry, the computational domain was a parallelepiped box with dimensions
[H;£,;£.] and periodic boundary conditions in the y and z directions, whereas for the cylindrical
geometry, the computational domain was a cylindrical box with dimensions [R; ¢,] and periodic
boundary conditions in the z direction. For the planar and cylindrical geometry, the streamline
lengths (¢, and €., respectively) were chosen to be long enough to avoid end effects, and, for the
planar geometry, the spanwise dimension £, was set to match the desired reduced density 1. In
the cylindrical case, the Maxwell scattering kernel was implemented as described in Ref. [44] to
properly account for the surface curvature.

The typical simulation was run with over 2.5x10* particles to reduce the size dependence of
the system and improve the statistical significance of the computed quantities. The particles were
initially placed randomly, with the velocity sampled from the Maxwell-Boltzmann distribution using
the Box-Muller algorithm. The reduced density was varied in the range iy = [0.01, 0.30] and the
confinement ratios in R = [10, 50], resulting in Knudsen numbers spanning a wide range of values,
i.e., Kn = [0.008, 1]. In the Poiseuille (planar channel) and Hagen-Poiseuille (cylindrical channel)
fluid flows, a constant external force is applied to the particles. The force was chosen in the range
[0.003,0.05] so that the flow is in the linear regime. This ensured proper dissipation of the added
heat through the wall and prevented the temperature profile from being affected by the external
force.

III. RESULTS AND DISCUSSION
A. Numerical evaluation of the friction coefficient

Before addressing the two key questions posed in Sec. I, we first calculate the friction coefficient
for both planar and cylindrical geometries, over a wide range of nominal reduced densities 7y and
confinement ratios R, for rough surfaces represented using a fully diffuse setting (¢ = 1). We chose
to calculate the friction coefficient because it primarily encapsulates information about fluid-wall
interactions and does not directly involve bulk properties, as the slip length L; does through its
dependence on the viscosity (i.e., Ly = (t/&p app)- In confined fluids, bulk properties such as viscosity
depend in a nontrivial way on the nominal density ny and degree of confinement R, making it
difficult to disentangle whether changes in slip length are due to variations in bulk or interfacial
properties, or both.

The friction coefficient was calculated using two independent approaches. In the first approach,
which involves nonequilibrium EDMD simulations, & A is calculated using Eq. (7) where u; A is
evaluated directly from the velocity field as the mean velocity of the fluid in the A layer according
to Eq. (2). In the second approach, &y A is calculated as the Laplace transform of the ratio between
the force-velocity correlation function (being the force that is exerted by the fluid on the wall, or
vice versa) and the velocity-velocity autocorrelation function of the fluid in the A layer [38,45].
These correlation functions are obtained from equilibrium EDMD simulations in the zero external
force limit. It is important to note that, in our simulations, the fluid-wall interaction model using a
step function rather than a continuous potential, such as the Lennard-Jones potential. Consequently,
the force exerted by the surface on the fluid in the A layer was determined by evaluating the average
momentum change of particles colliding with the wall, which differs from the approach described
in the original work [38].

The results of the different calculations are shown in Fig. 2(a) for the planar geometry and in
Fig. 2(b) for the cylindrical geometry. The relative error of the equilibrium and nonequilibrium
predictions with respect to their mean is within 4% for ny > 0.1, but diverges rapidly for smaller
densities (this is more easily observed in Appendix B, where values are presented in tables). This
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FIG. 2. Interfacial friction coefficients & o versus the nominal reduced densities for (a) planar and (b)
cylindrical channels with fully diffuse walls (¢« = 1). Results are presented for two confinement ratios, R =
50 (orange color) and R = 10 (red color), produced through nonequilibrium (solid symbols) and equilibrium
(empty symbols) approaches. The solid line represents the kinetic theory prediction for rarefied gases, Eq. (11).
See Appendix B for results over a wider range of confinement ratios and in tabular form.

is not unexpected since, for more dilute fluids, the density fluctuations do not allow the correlation
functions to be evaluated accurately enough [38].

It is worth noting that, for the largest channels (i.e., small curvature effect) and smallest reduced
densities (i.e., spatially homogeneous density with a bulk density close to the nominal value), the
friction coefficients of both geometries evaluated using the nonequilibrium approach agree with
each other, and approach the value predicted by the Boltzmann equation [4]

15 2mkT
&0, = o\ (11)
803 T

where ¢; = 1.1144 is the (constant) first-order slip coefficient for the hard-sphere Boltzmann
equation [46].

B. What is the quantitative criterion for the validity of the slip solution?

The purpose of this section is to address the first key question posed in Sec. I, namely to establish
a criterion for the applicability of the slip solution to the description of force-driven fluid flows
within molecular confinement. The accuracy of the slip solution was theoretically evaluated by
using the velocity field from Eqs. (4) and (A4) for planar and cylindrical channels, respectively, with
the apparent velocity slip estimated from non-equilibrium simulations as described in Sec. IIT A,
for fully diffuse walls (o« = 1). In these expressions, the curvature of the velocity profile (i.e., the
coefficient of the quadratic term) was obtained by fitting the numerical velocity profile provided by
nonequilibrium EDMD simulations, rather than being calculated directly from the bulk properties of
the fluid. This was necessary because the direct numerical evaluation of the velocity curvature using
bulk values of density and viscosity is prone to numerical inaccuracies, which have been found to
be up to 15% in the worst case. In fact, as shown in Eq. (4), the velocity curvature depends on the
viscosity, which is a highly nonlinear function of the density, see Eq. (9), but the accurate estimation
of the density is challenging, especially for large channels where a small force must be applied to
keep the flow in the linear regime.

The results of this investigation are presented in Figs. 3(a) and 3(b) for planar and cylindrical
channels, respectively. In order to decide whether the slip solution was accurate or not, we calculated
the root mean square error between the EDMD velocity profile (target) and the velocity profile given
by the analytical solution, Eq. (4) or (A4) (prediction). Both profiles were divided by the maximum
of the EDMD velocity profile to ensure a consistent error scale across different conditions. The
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FIG. 3. Accuracy of the slip solution for (a) planar and (b) cylindrical channels with fully diffuse walls
(a = 1). The color scale bar shows the root mean square error between the numerical velocity profile and the
slip analytical prediction. The error increases from green (lowest) to red (highest). The dashed lines represent
the fluid conditions corresponding to Kn = 0.1, above which the slip solution gives errors below 0.02 for
R Z 10.

data points are shaded from green to red as the value of the computed error increases. It can be
seen that the accuracy of the slip solution degrades gradually as either R or n decreases, so no
sharp threshold can be defined for its validity. Nevertheless, for Kn < 0.1 (above the dashed lines in
Fig. 3) the slip solution can be considered accurate since the root mean square error is less than 0.02,
unless the confinement is very tight, in which case it turns out to be inaccurate for all Kn (see, for
example, the results for R = 5). This is not unexpected as nonlocal effects of molecular interactions
become increasingly important as R decreases and eventually cause the Navier-Stokes equations to
fail [21,47]. This situation differs from the more extensively studied rarefied gas scenario, where
the failure of the hydrodynamic approach is primarily due to the increasing number of fluid-wall
interactions, which are fully represented by Kn [4]. The key point from Fig. 3 is that, although the
interfacial friction coefficient can be calculated for fluids of any density and confined within any
channel size, its use within the Navier-Stokes framework (through the slip boundary conditions)
provides velocity profiles that become increasingly inaccurate as either R or n decreases. This is
why, in the following, only the slip solutions corresponding to the numerical results for Kn < 0.1
and R > 10 are considered.

C. How does the friction coefficient depend on the density and confinement of the fluid,
and on the curvature and roughness of the walls?

The purpose of this section is to address the second key question posed in Sec I, namely how the
density and confinement of the fluid, alongside the curvature of the channel and roughness of the
walls, affect the friction coefficient. The main point to note is that the friction coefficient represents
the transfer of tangential momentum between the fluid and the surface [40], and in our simple
simulation setup this transfer can only occur when particles hit the surface. As we have verified in
our simulations, the frequency of fluid-wall collisions is directly proportional to the density peak
at the wall, and therefore a linear relationship between the friction coefficient and the density peak
would be expected. The density peak is defined here as the maximum value of the density reached
in the outermost cell accessible to the center of the hard spheres, which is located at a distance of
a molecular radius o /2 from the wall (see also Fig. 1). In other work, such a relationship has been
derived under certain assumptions and supported by MD simulations for a Lennard-Jones fluid with
realistic walls [25,31,32]. However, the average density in the A layer was used rather than the peak
density, which we believe to be more relevant, as discussed below. More importantly, conflicting
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FIG. 4. (a) Friction coefficient versus peak density for planar (blue squares) and cylindrical (red circles)
channels with fully diffuse walls (¢ = 1). (b) Residuals and Q — Q plots. Of the numerical results presented in
Fig. 3, only those corresponding to conditions where the slip solution accuracy is met (i.e., root mean square
error lower than 0.02) are shown here. The dashed black line in panel (a) represents the best linear fit of the
results, while the solid black line represents the kinetic theory prediction for rarefied gases, Eq. (11). The inset
zooms into this regime in the lower left.

results have been reported, with some suggesting a linear correlation [25,31] and others suggesting
a power-law relationship with an exponent other than unity [32].

Figure 4(a) clearly shows that, in the case of full accommodation, the friction coefficient scales
linearly with the density peak in both planar and cylindrical channels, regardless of the nominal fluid
density, confinement ratio and wall curvature. Two remarks are in order. First, using the average
density in the A layer instead of the peak density would result in a nonlinear relationship, showing
that the peak density is more closely related to the friction coefficient. Second, the observation that
the density peak is linearly proportional to the friction coefficient, independent of the confinement,
is not restricted to the hard sphere model used in this study, as confirmed by complementary MD
simulations we performed on argon gas confined between platinum walls in a planar geometry. The
detailed description of these simulations is given in Appendix C. The goodness of the linear fit
shown in Fig. 4(a) is indicated by the low value of the chi-square X2 ~ 0.0391 statistic and the
high value of the R* & 0.999 correlation index, and is further supported by the analysis of the
residuals and the Q — Q scatter plot shown in Fig. 4(b). The lack of a clear pattern in the residuals
and the fairly good alignment along the bisector of the first quadrant of the Q — Q scatter plot
indicate that the residuals are approximately normally distributed, as they should be for an ideal
linear fit. Specifically, the residual analysis tests two regression assumptions, namely random scatter
around zero and constant error variance across the independent variable. The quantile-quantile plot
evaluates the Gaussian distribution of the residuals by plotting the residual quantiles against the
theoretical ones. A linear pattern through the origin with a unitary slope indicates normality, while
upward sloping curves indicate heavier tails, downward sloping curves indicate lighter tails, and
nonlinearities in the middle indicate skewness relative to the Gaussian distribution.

As can be seen more clearly in the inset of Fig. 4(a), the proposed linear fit of the results is not
entirely accurate in the limit of low density. In fact, its slope does not match the slope predicted
by the Boltzmann equation, Eq. (11), as it should for these small reduced densities (note that under
these conditions the peak density coincides with the nominal density). The relationship between
the friction coefficient and peak density is also plotted as predicted by the Boltzmann equation for
arbitrary densities in the main plot. Interestingly, the ratio of the slope of this curve to that of the
curve fitted by EDMD results is very well given by a numerical factor of /7 /2.

EDMD simulations in dilute conditions are computationally intensive, so we further support this
conclusion by solving the Enskog equation, which gives equivalent results to EDMD in the low
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FIG. 5. Comparison of the peak density next to the wall and the nominal reduced density within (a) planar
and (b) cylindrical channels for different confinement ratios with fully diffuse walls (¢ = 1). The insets show
the density depletion in the middle of the channel.

density limit [see empty squares in the inset of Fig. 4(a)]. The Enskog equation was solved with
an independent code that implements a particle method [48]. Even Enskog solutions fit perfectly
the linear relationship predicted by the Boltzmann equation and deviate from the proposed linear
fit (dashed line). This clearly shows that the discrepancy is due to the proposed fit and not, as one
might have thought, to nonlocal effects which, unlike the Boltzmann equation, are included in the
Enskog equation even in the low density regime. Note, however, that these deviations are minimal,
so the proposed linear fit is still a good engineering approximation in the entire range of nominal
fluid densities.

As Fig. 4(a) clearly shows, the friction coefficient is primarily determined by the peak density.
Channel curvature and confinement influence the friction coefficient only indirectly by modifying
the peak density. This key finding helps to rationalize the results of previous studies, which have in-
vestigated the effects of nominal density [37], fluid confinement [19], and channel curvature [35,36]
on the friction coefficient, without explicitly referring to the peak density, and have sometimes
reached conflicting conclusions. For example, Refs. [35,36] concluded that the curvature, and not
the degree of confinement, controls the friction coefficient, in contrast to the results of Ref. [37],
which show different friction coefficients within planar geometries when the confinement is varied.
According to our results, the friction coefficient decreases because (for a given nominal density)
with tighter confinement the peak density decreases [49], regardless of the channel curvature and
the wall roughness.

This conclusion is clearly shown in Fig. 5, where the density peak is plotted against the nominal
density. For both planar and cylindrical channels, it is observed that the peak density increases
quadratically with the nominal density at constant confinement. Likewise, at constant density, higher
degrees of confinement (i.e., lower R values) result in smaller density peaks (in the fittings shown by
dashed lines, X* < 0.057 and R? Z, 0.997). This can be explained by the fact that the bulk density
becomes increasingly smaller than the nominal density as the degree of confinement increases [8],
as can be seen in the two insets of Fig. 5. As a result, the net force pushing the atoms towards the
walls [48], which is proportional to the bulk density, decreases and so does the peak density. It is
found that the relationship between the nominal density and the peak density is well approximated
by a polynomial fit, which, for instance, in the cylindrical geometry reads

np = (0.0515R 4 7.7012)n2 + (—0.0033R + 0.5228)n,. (12)

with a relative error of less than 10% for 1y Z 0.1.
Finally, we consider the case of walls with a smaller microscopic roughness, or equivalently
a smaller «. Figure 6 shows that the friction coefficient remains a linear function of the peak

034201-10



DENSITY AND CONFINEMENT EFFECTS ON FLUID ...

1.8 : : : S
§ L6y © .J.
,“3 14 r %&&‘b’ ,*
Eﬁ 1.2 Ox@}x ”‘
S 1+ x@ ." oiDae
<= z P 1% L
S 08+ SARIURIAPI\ D ]
[} X - _
= 06 I . S
£ 04 b & e
=02 g & R

| B |

0 0.2 0.4 0.6 0.8 1 1.2
Peak density, 7,

FIG. 6. Friction coefficient versus peak density for different wall accommodation coefficients. As in the
fully diffuse case, results do not depend on the channel geometry for partial TMAC (planar geometries are
represented with empty symbols as a guide to the eye). Colored dashed lines are obtained by scaling the dashed
black line, from Fig. 4(a) corresponding to the full accommodation case, with the Smoluchowski prefactor.

density, with the results for planar and cylindrical channels superimposed. The peak density does
not depend on «, but the friction coefficient is found to decrease with it according to the inverse
Smoluchowski prefactor /(2 — «), as is the case under dilute conditions. Note that the dependence
of the friction coefficient on « is not unexpected, since, for the same collision frequency of particles
with walls, the transfer of tangential momentum between fluid and wall becomes less efficient as
the accommodation coefficient decreases. However, this finding further validates our results. Indeed,
the scaling based on the Smoluchowski factor was mathematically derived in rarefied conditions,
but if a linear relationship between the friction coefficient and peak density holds, the same factor
should also allow the results to be rescaled in the dense regime.

The results shown in Figs. 4-6 together allow us to answer the question posed at the beginning of
Section III C. For a given confinement ratio, the peak density increases significantly as the nominal
density increases, especially for looser confinement of the fluid (Fig. 5). Accordingly, the interfacial
friction coefficient increases [Fig. 4(a)], and so the velocity slip decreases. Conversely, for a given
nominal density, the peak density decreases as the confinement becomes tighter, especially at higher
densities (insets of Fig. 5 showing the depletion in the middle region of the channel), resulting
in a decrease in the friction coefficient and an increase in the velocity slip. Finally, the friction
coefficient is independent of the wall curvature and decreases with the Smoluchowski factor as one
moves from rough to smooth surfaces, decreasing the TMAC value (Fig. 6). Note that in realistic
systems it may be the case that a change in wall curvature leads to a smoother energy landscape
of fluid-wall interactions, which is equivalent to a lower TMAC and, therefore, a decrease in the
friction coefficient [35].

It should be emphasized that the slip phenomenon is often treated on the basis of transition
state theory. According to this theory, molecules adjacent to walls jump between free sites
by overcoming an energy barrier determined by fluid-wall interactions, also identified with the
microscopic roughness. Macroscopic slip occurs when these jumps occur in a preferred direction. As
the confinement becomes tighter, velocity slip increases because microscopic roughness decreases,
and molecules jump more frequently along the wall sites. This picture is typically supported by MD
[19,29,35,37]. Our simplified approach has revealed that additional factors are at play by allowing
independent control of confinement (by adjusting the channel size, R) and roughness (by adjusting
the tangential momentum accommodation coefficient, «), which is not possible in classical MD
involving molecular walls. In particular, we showed that even when the microscopic roughness
is kept constant, variations in velocity slip can occur due to changes in confinement. In fact, for
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constant « (and nominal density), reducing R decreases the density peak, which in turn causes the
velocity slip to increase. Since the density peak is formed by the net force pushing the particles
from the bulk fluid towards the wall, the observed decrease in friction under confinement can also
be attributed to fluid-fluid interactions and not solely to reduced energy barriers between wall sites.
Therefore, our model demonstrates that fluid-fluid interactions, beyond fluid-wall interactions, play
an overlooked role in friction, and clarifies the mechanical process by which this occurs. Such a
finding highlights the unique insights provided by our more fundamental approach.

IV. CONCLUSIONS

The aim of this study was to investigate the velocity slip of fluids in molecular-scale channels, in
particular the validity of the Navier-Stokes equation with slip boundary conditions. This study used
a hard-sphere fluid model and performed an event-driven molecular dynamics simulation study,
varying fluid properties, confinement degree, geometry, and surface microscopic roughness.

The results for both planar and cylindrical channels clearly showed that the effect of surface
curvature alone is negligible and that the friction coefficient (or, equivalently, the velocity slip)
depends on two mechanisms. The first is the collision frequency of the molecules with the wall,
which determines the “gross” momentum transfer, i.e., the amount of momentum potentially
transferable to the walls. The second is the microscopic roughness of the walls, which determines
the “net” momentum transfer, i.e., the amount of momentum actually transferred to the walls.
Specifically, we found that the fluid-wall collision frequency depends linearly on the density peak
that occurs adjacent to the boundary, rather than on the nominal fluid density or the confinement
ratio individually. Note that this linear relationship is not an artifact of the hard-sphere model used
in our study, as it is confirmed by complementary MD simulations of argon gas on platinum walls.
On the other hand, in our simulation setup, the microscopic roughness is simply modulated by the
accommodation coefficient.

Our study found that the slip solution criterion valid for dilute conditions also holds for dense
gases as long as the fluid is only moderately confined. That is, the Knudsen number must be less than
Kn 5 0.1 and the confinement must be greater than R 2, 10 for the Navier-Stokes equations with
slip boundary conditions to provide an accurate description of the fluid flow.

Our study also found that

(i) For a fixed confinement ratio, the friction coefficient (velocity slip) increases (decreases) with
increasing nominal density. This is because a higher density results in a larger fluid layering on the
walls, and therefore a higher fluid-wall collision frequency that hinders fluid slippage.

(ii) For a fixed density, the friction coefficient (velocity slip) increases (decreases) with larger
confinement ratios. This is because a tighter confinement leads to a smaller fluid layering on the
walls, and therefore a lower fluid-wall collision frequency that promotes fluid slippage.

(iii) The friction coefficient is independent of the wall curvature and decreases according to the
inverse Smoluchowski prefactor as one moves from rough to smooth surfaces.

These results, which are visually summarized in Fig. 7, provide valuable insights into the physics
of confined fluids and represent an important step towards understanding the molecular mechanisms
behind fluid velocity slip in molecular-sized channels. Future research directions could include a
more systematic probe of how the complexity of the fluid model, such as molecules interacting
through continuous potentials, as well as more realistic fluid-wall interactions, affect fluid slippage
at walls. This would help to resolve the current inconsistencies in the velocity slip literature and
clarify the physical origins of such phenomena.
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APPENDIX A: THE HAGEN-POISEUILLE FLOW WITH SLIP

The equation for fluid flow in a cylindrical pipe with axis z using the Stokes equation in
cylindrical coordinates is written as
1o/ 0 K
__<rﬁ> = (A1)

i
where u, is the axial velocity component and r is the radial distance from the central streamline
axis of the cylindrical channel. The integral boundary condition complementing the governing
equation is

2 L2

= — ru, dr, (A2)
AL = A) Jpp-a

us,A

which is equal to the mean velocity of the fluid in the thin shell adjacent to the wall under the
assumption of constant density in the A layer, while the Navier slip boundary condition reads
du,
Us,app = _LsW
The solution to the boundary value problem, either Eqs. (A1) and (A2) or Egs. (Al) and (A3), is
referred to as the slip-modified Hagen-Poiseuille solution

nFy L2 LA A nFy L
uz(r)=m<—r2+z—7+7 +MS’A:m —V2+Z + Uy, app» (A4)

and the following one-to-one correspondence can thus be found between the two different velocity
slips

) (A3)
r=L/2

nFy (LA A?

us’A = us,app + E(T — 7) (AS)

As for the planar geometry, a momentum balance similar to Eq. (6) can be evaluated for the fluid in
the annular A layer

dug A du,
s — = — s Ap—
m ar So,als,An + AL o

1+ NFy =0, (A6)
L/2—A
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TABLE 1. Planar channels. Comparison of interfacial friction coefficients &y o for nominal reduced densi-
ties 1o and confinement ratios R of interest, using nonequilibrium (left column) and equilibrium (right column)
approaches. Walls are fully diffuse (o = 1).

Mo R =50 R =40 R=30 R=20 R=15 R=10

0.30 1.0604 0.9992 1.0475 1.0023 1.0239 0.9945 0.9726 0.9432 0.9606 0.9153 0.9082 0.8832
0.25 0.7457 0.7721 0.7211 0.7375 0.7037 0.6983 0.6778 0.6874 0.6645 0.6541 0.6336 0.6408
0.20 0.4956 0.4737 0.4801 0.4667 0.4674 0.4542 0.4682 0.4588 0.4480 0.4313 0.4455 0.4248
0.15 0.3258 0.3026 0.3210 0.2963 0.3086 0.2992 0.3090 0.2893 0.3008 0.2843 0.2951 0.2961
0.10 0.1927 0.1857 0.1908 0.1932 0.1892 0.1834 0.1902 0.1787 0.1868 0.1697 0.1837 0.1755

0.075 0.1430 0.1067 0.1438 0.1069 0.1441 0.0952 0.1414 0.0963 0.1382 0.0954 0.1172 0.0924
0.05 0.0960 0.0616 0.0967 0.0542 0.0959 0.0578 0.0947 0.0476 0.0712 0.0568 0.0703 0.0571
0.025 0.0515 0.0239 0.0506 0.0241 0.0353 0.0221 0.0344 0.0266 0.0335 0.0245 0.0323 0.0236
0.01 0.0140 0.0077 0.0137 0.0082 0.0134 0.0086 0.0127 0.0088 0.0121 0.0073 0.0112 0.0071

where now the surface area in the shell-fluid interface depends on the width of the annular layer,
A =m(L — A)¢,, being £, the length of the tube. Accordingly, an inverse relationship between the
velocity slip and the friction coefficient can be found again as

I’lF() L

=573 (AT)

us, A

APPENDIX B: COMPARISON WITH RESULTS OBTAINED IN EQUILIBRIUM SIMULATIONS

The supplementary data presented in Tables I and I complement the main analysis of Sec. IIT A.
As discussed there, the two methods begin to diverge at low reduced densities (179 < 0.1), where the
assumptions behind the equilibrium calculations break down [38,45].

APPENDIX C: MOLECULAR DYNAMICS SIMULATIONS

The observed linear relationship between friction coefficient and density peak shown in Fig. 4(a)
is not just an artifact of the hard sphere model used in EDMD, but it persists when more realistic
intermolecular interactions are considered. To support this claim, complementary nonequilibrium
MD simulations were performed using the open-source LAMMPS software [50]. The simulation
setup consisted of monatomic argon (Ar) molecules confined within planar physical walls, defined

TABLE II. Cylindrical channels. Comparison of interfacial friction coefficients &, o for nominal reduced
densities 1y and confinement ratios R of interest, using nonequilibrium (left column) and equilibrium (right
column) approaches. Walls are fully diffuse (¢ = 1).

No R =50 R =40 R=30 R=20 R=15 R=10

0.30 0.9130 0.9074 0.8965 0.9311 0.8964 0.9189 0.8779 0.8614 0.8633 0.8721 0.7937 0.7712
0.25 0.6231 0.6265 0.6015 0.5952 0.6010 0.6287 0.6133 0.6330 0.5868 0.6104 0.5553 0.5685
020 0.4139 0.4328 0.4269 0.4386 0.4106 0.4467 0.3988 0.3952 0.3935 0.4012 0.3783 0.3913
0.15 0.2657 0.2679 0.2668 0.2654 0.2574 0.2621 0.2601 0.2534 0.2567 0.2693 0.2467 0.2365
0.10 0.1524 0.1484 0.1575 0.1457 0.1581 0.1517 0.1572 0.1571 0.1516 0.1412 0.1481 0.1612

0.075 0.1136 0.1053 0.1138 0.1034 0.1080 0.1023 0.1092 0.1097 0.1083 0.1113 0.1054 0.1046
0.05 0.0689 0.0558 0.0700 0.0595 0.0695 0.0648 0.0693 0.0561 0.0688 0.0624 0.0663 0.0571
0.025 0.0344 0.0246 0.0340 0.0257 0.0337 0.0265 0.0335 0.0256 0.0329 0.0269 0.0315 0.0289
0.01 0.0136 0.0086 0.0135 0.0086 0.0132 0.0086 0.0129 0.0103 0.0125 0.0099 0.0117 0.0098
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FIG. 8. Friction coefficient versus peak density for MD, in the same range of confinement ratios and
nominal densities to those of EDMD simulations. The solid line corresponds to the best linear fit of the MD
values, whereas the dashed lines represents the EDMD fit from Fig. 4(a) with the TMAC value from MD
simulations (o« = 0.49).

by platinum (Pt) atoms following a face-centred cubic array with a lattice parameter of 3.92 A. The
distance between the walls was assumed to be H, and periodic boundary conditions were applied
in the nonconstraining directions where L, = L, = 400 A. The interactions were modeled using
the 12-6 Lennard-Jones potential [51] w1th a cutoff of 15 A, and the velocity Verlet algorithm
with a time step of 1 fs was used to integrate the molecular trajectories. An external force of
Fy < 5.5x107'*N/atom was applied in the streamwise direction, ensuring that its magnitude was
sufficiently small to keep the flow in the linear regime.

Each MD simulation consisted of two steps, equilibration and production. During the equili-
bration step, the temperature of both the gas and wall atoms was maintained at 300K using a
Nosé-Hoover thermostat with a time constant of 100fs. After equilibration, the thermostat was
turned off on the gas molecules to avoid biasing their slipping behavior. Similarly to EDMD, the
quantities in MD simulations were made dimensionless using the reference values o = 3.35 A,
m = 6.63x 10720 kg and the thermal velocity /AT /m, and the friction coefficient was calculated
using the procedure described in Sec. III. The TMAC value for the gas-surface interaction was
found to be @ = 0.49, independently of the confinement ratio.

Although the MD simulations refer to a more realistic fluid than EDMD, Fig. 8 shows that a
linear relationship between the interfacial friction coefficient and the density peak is still observed.
Analysis of the residuals, similar to that shown in Fig. 4(b), from the linear fit in Fig. 8 (solid line)
revealed a nonsystematic pattern. This indicates that the linear model provides a good description
of the relationship between friction coefficient and peak density for the MD results as well. The
differences between the solid and dashed lines in Fig. 8 are not unexpected, and are due to the
different intermolecular interactions (Lennard-Jones in MD versus hard sphere in EDMD) and
the different scattering of molecules at the walls (real versus stochastic). In fact, although the
tangential momentum accommodation coefficient is the same for both MD and EDMD simulations,
the friction coefficient is expected to depend on the fine details of how molecules are scattered from
the wall, which are different in the two cases. However, these discrepancies do not detract from
the remarkable qualitative similarity of the results, which clearly demonstrates the ability of the
simpler modeling approach used in this study to provide qualitatively valid results for real-world
scenarios.
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