RESEARCH ARTICLE | DECEMBER 29 2020
Hybrid continuum-molecular modeling of fluid slip flow

Mohamed Shaat &

‘ '.) Check for updates ‘

Physics of Fluids 32, 122009 (2020)
https://doi.org/10.1063/5.0036196

. CrossMark
& o

View Export
Online  Citation

Articles You May Be Interested In

Deep blue light emission of (4,3-Oxo—HCMM) coumarin derivative for organic LED display application

N
O
=
LL
Yo
@)
N
O
N
>
i a
Q.

AIP Conference Proceedings (April 2019)

Measurement and prediction of H 2 O outgassing kinetics from silica-filled polydimethylsiloxane TR55 and
S5370

Journal of Vacuum Science & Technology A (April 2007)

Physics of Fluids

Special Topic: Flow and Forensics

AIP

AIP Submit Today! ZA__ Publishing

é/_‘_ Publishing

Jpd-auljuo L 600221/22669.LE1/9619€00°G/€901 0L /10p/spd-ajone jod/die/Bio-die sqnd;/:dpy wouy pepeojumoq


https://pubs.aip.org/aip/pof/article/32/12/122009/1062729/Hybrid-continuum-molecular-modeling-of-fluid-slip
https://pubs.aip.org/aip/pof/article/32/12/122009/1062729/Hybrid-continuum-molecular-modeling-of-fluid-slip?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/pof/article/32/12/122009/1062729/Hybrid-continuum-molecular-modeling-of-fluid-slip?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
https://doi.org/10.1063/5.0036196
https://pubs.aip.org/aip/acp/article/2100/1/020105/1023946/Deep-blue-light-emission-of-4-3-Oxo-HCMM-coumarin
https://pubs.aip.org/avs/jva/article/25/3/597/244085/Measurement-and-prediction-of-H2O-outgassing
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2063275&setID=592934&channelID=0&CID=754934&banID=520996622&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1683016600168843&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0036196%2F13769922%2F122009_1_online.pdf&hc=fdad1c8bf0de7648f399213feb1f0cd18c30b916&location=

scitation.org/journal/phf

Physics of Fluids ARTICLE

Hybrid continuum-molecular modeling of fluid
slip flow

Cite as: Phys. Fluids 32, 122009 (2020); doi: 10.1063/5.0036196 T T @
Submitted: 3 November 2020 « Accepted: 7 December 2020 -
Published Online: 29 December 2020

Mohamed Shaat®

AFFILIATIONS
Mechanical Engineering Department, Abu Dhabi University, P.O. Box 1790, Al Ain, United Arab Emirates

2 Author to whom correspondence should be addressed: shaatscience@yahoo.com and mohamed.i@adu.ac.ae

ABSTRACT

Experiments on fluid systems in micro-/nano-scale solid conveyors have shown a violation of the no-slip assumption that has been adopted
by the classical fluid mechanics. To correct this mechanics for the fluid slip, various approaches have been proposed to determine the slip
boundary conditions. However, these approaches have revealed contradictory results for a variety of systems, and a debate on the mech-
anisms and the conditions of the fluid slip/no-slip past solid surfaces is sustained for a long time. In this paper, we establish the hybrid
continuum-molecular modeling (HCMM) as a general approach of modeling the fluid slip flow under the influence of excess fluid-solid
molecular interactions. This modeling approach postulates that fluids flow over solid surfaces with/without slip depending on the difference
between the applied impulse on the fluid and a drag due to the excess fluid-solid molecular interactions. In the HCMM, the Navier-Stokes
equations are corrected for the excess fluid-solid interactions. Measures of the fluid-solid interactions are incorporated into the fluid’s
viscosity. We demonstrate that the correction of the fluid mechanics by the slip boundary conditions is not an accurate approach, as the
fluid-solid interactions would impact the fluid internally. To show the effectiveness of the proposed HCMM, it is implemented for the water
flow in nanotubes. The HCMM is validated by an extensive comparison with over 90 cases of experiments and molecular dynamics sim-
ulations of different fluid systems. We foresee that the HCMM of the fluid slip flow will find many important implementations in fluid
mechanics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036196

. INTRODUCTION

The majority of problems of fluid mechanics are concerned
with solving the Navier-Stokes equations for the fluid system. The
validity of these equations to solve a long list of simple and complex
problems of fluid mechanics has been experimentally proved. How-
ever, problems that can be solved by Navier-Stokes equations pos-
tulate no-slip and no-interaction of the fluid system with the solid
surface. Recently, experiments on fluid systems in micro-/nano-scale
solid conveyors have shown violation of the no-slip assumption,
and it has been apparently shown that the Navier-Stokes equa-
tions incorrectly represent the mechanics of such fluid systems.' "
For example, the fluid flow rates in nanostructures, e.g., nanotubes
and nanochannels, were observed with extremely higher values than
usual.”® This has been attributed to the molecular interactions
between the fluid molecules and the molecules of the solid sur-
face."" " These excess interactions motivate the fluid slip over the
solid surface and anomalous fluid flow.

With the aim to correct the Navier-Stokes equations for the
fluid slip, various approaches have been proposed to determine
the slip boundary conditions. Experimental and molecular dynam-
ics (MD) approaches have been used to determine the slip length,
which is the distance behind the fluid-solid interface at which the
fluid velocity extrapolates to zero."” This has been calculated for
the experimental measurements of the dynamic drainage force at
different distances from the solid surface'” *' and the experimental
measurements of the flow profile near the fluid-solid interface.”*"”
However, these efforts have revealed contradictory results for a vari-
ety of systems, and a debate on the exact value of the slip length is
sustained for a long time.'*'"***’

The debate on describing the nature of boundary conditions
at the fluid-solid interface can be dated back to the 19th century,
where the pioneers of the current form of the fluid mechanics
have expressed different opinions on this matter.”*”” Thus, vari-
ous hypotheses were proposed to describe the fluid slip over solid
surfaces.”” One hypothesis suggested that the fluid layer that is in
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contact with the solid surface exhibits no motion relative to it, and
one portion of the fluid slips past the fluid portion adjacent to the
solid surface.”” Another hypothesis came to suggest that the few fluid
layers adjacent to the solid surface are strongly held to it by molecu-
lar interactions.”® According to the latter hypothesis, the slip would
take place either directly at the solid surface or internal between one
fluid portion past the other.

With the development of the surface force apparatus and
atomic force microscopy, the experimental nanoscale probing of the
fluid characteristics became possible, and it has been used to demon-
strate the first hypothesis that suggests no-slip boundary conditions
for fluids near hydrophilic surfaces, e.g., mica.””*" However, recent
experimental studies that used other techniques have reported cases
of the fluid slip past solid surfaces.”" " These new studies indicated
that the second hypothesis is more applicable, and the slippage of
the fluid is more likely to be dependent on the molecular interac-
tions of the fluid particles with the solid particles. However, many
mechanisms that impact the fluid flow are still unresolved by these
two simple hypotheses.

Here, we propose a hypothesis that fully describes the mech-
anisms by which the fluid interacts with solid surfaces and exhibits
slip/no-slip past these surfaces. Based on this hypothesis, we evaluate
the various models of the slip boundary conditions. We demonstrate
that the correction of the classical fluid models for the fluid slip
by the slip boundary conditions is not an accurate approach. This
approach breaks down for fluid systems that involve high fluid-solid
molecular interactions, e.g., fluids in nanostructures.

In addition, we establish the hybrid continuum-molecular
modeling (HCMM) as a general approach of modeling the fluid
slip flow under the influence of excess fluid-solid molecular interac-
tions. In the context of this approach, the Navier-Stokes equations
are corrected for the excess fluid-solid interactions by incorporat-
ing measures of these interactions into the fluid’s viscosity. The
hybrid continuum-molecular modeling is an effective approach, as
it permits the implementation of the conventional no-slip boundary
conditions. To show the applicability of this approach, a hybrid-
continuum molecular model of the water flow in nanotubes is devel-
oped. This model is validated by comparison with over 90 cases of
experiments and molecular dynamics simulations of different fluid
systems.

Il. FLUID-SOLID INTERFACE: MECHANISMS
OF SLIP/NO-SLIP

In this section, a new hypothesis that fully describes the mech-
anisms by which the fluid approaches and flows over solid surfaces
with/without slip is proposed. This hypothesis depends on break-
ing the fluid into a set of layers (Fig. 1). Each layer is linked to the
solid surface by a molecular attraction force. The strength of this
force depends on the location of the fluid layer from the solid sur-
face. It is maximum at the first fluid layer and decreases for the other
fluid layers. When the fluid is subjected to a driving force, all lay-
ers are subjected to the same impulse. If the impulse given to the
fluid layer by the driving force is higher than the dragging—impulse
(or drag) associated with the fluid-solid molecular attraction of this
layer—the fluid layer apparently moves with respect to the solid sur-
face with a momentum that depends on the difference between the
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FIG. 1. Hypothesis of the fluid slip over solid surfaces. The fluid is represented as
a set of layers, which are subjected to the same applied impulse. Each fluid layer
is linked to the solid surface by fluid-solid attraction forces, which produce a drag
to the fluid layer flow. The fluid layers slip with respect to the solid surface as well
as to each other. The slip of a fluid layer depends on the difference between the
applied impulse and the drag.

two impulses. However, if the applied impulse is lower than the drag
associated with the fluid-solid attraction, the fluid layer exhibits no
motion with respect to the solid surface. The fluid slips over the solid
surface if the momentum given to the first fluid layer (or the impulse
acting on the first fluid layer) is higher than the drag due to the
fluid-solid attraction, and the slip velocity depends on the difference
between the applied impulse and the drag.

The fluid approaches the solid surface with no direct contact.
Instead, a very thin region that separates the first fluid layer and
the solid surface may exist. This region is commonly known as the
depletion region.'”'"”' " The thickness of this region depends on
the wettability of the surface.'*”* If the solid surface is hydropho-
bic, the fluid-surface interactions are repulsive forces at the surface,
and the fluid particles are pushed away from the solid surface form-
ing the depletion region. The pushed fluid particles accumulate the
first fluid layer (may accumulate other subsequent layers too) after
the depletion region (Fig. 1). This increases the fluid density at this
layer. Under the same momentum, the increase in the density of the
fluid layer decreases its velocity. For hydrophilic solid surfaces, the
depletion layer may vanish, and the fluid particles would be in direct
contact with the solid surface. The direct contact to the solid surface
does not guarantee no-slip of the first fluid layer past the solid sur-
face. This mainly depends on the applied impulse relative to the drag
due to the fluid-solid attraction.

Based on the proposed hypothesis, the first fluid layer (and
probably the few subsequent layers) would exhibit no-slip if the
applied impulse is not able to move this dense layer and/or is not
able to outweigh the drag due to the attraction between this fluid
layer and the solid surface. At the subsequent layers, however, the
strength of the attraction force and the density decrease, and the
applied impulse would be big enough to push these fluid layers to
move with respect to the solid surface. The fluid layers far from the
solid surface are of lower densities and weakly held to the solid sur-
face, and therefore, these layers would exhibit a plug flow (Fig. 1).
This indicates that the few fluid layers near the solid surface are gen-
erally dragged with either slip or no-slip with respect to the solid
surface.
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I1l. PARADOXES OF THE SLIP BOUNDARY
CONDITIONS

The recent observations of the fluid slip past solid surfaces
motivated many scholars who reported the slip length that can
characteristically describe the fluid slip at the solid boundary. The
reported values of the slip length, Ls, depended on Navier’s linear
boundary condition,”***

Vs :Lsn-(l—nn)'(Vv+(Vv)T), (1)

where v is the velocity vector, v; is the component of the fluid veloc-
ity tangent to the solid surface (the slip velocity), and n is the unit
normal vector to the solid surface.

The Navier’s linear boundary condition [Eq. (1)] has been
implemented in various experimental methods (reviewed in Ref. 26)
and molecular dynamics simulations that reported the slip length
of different fluid systems. However, this boundary condition does
not hold in all fluid systems. This model ignores one essential mea-
sure, which is the cause of the fluid slip. According to the proposed
hypothesis, the fluid slip mainly depends on the fluid-solid interac-
tions. Nonetheless, these interactions are totally disregarded by the
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slip length model in Eq. (1), the issue that resulted in a growing
debate on the exact value of the slip length.'"'"”***’ High discrep-
ancies between the reported values of the slip length in the literature
can be observed. With the aim to reveal the reasons that have led to
these discrepancies, we reviewed in Fig. 2 the values of the slip length
of various fluid systems reported in the literature.

The experimental debate on the exact value of the slip length
is evidenced by noting the wide spectrum of the slip length val-
ues reported by the different experimental methods (Fig. 2). The
early experimental methods of probing the fluid properties and its
flow characteristics near flat surfaces proved the no-slip of water
on mica and glass hydrophilic flat surfaces.””’"”” Nonetheless, high
slip lengths of 1000 nm’ and 2500 nm™'>*" were also experimen-
tally reported when the wettability of these surfaces was altered by
coatings. In addition, the slip length of water on graphene”” and
quartz” flat surfaces was reported by 10 nm and 30 nm, respec-
tively. Despite the changes in the surface wettability are not expected
to reflect significantly contradictory values of the slip length, these
experiments exhibited paradoxical results.

Because probing the fluid characteristics in micro-/nano-
channels and nanotubes is challenging, experiments on fluids in
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FIG. 2. A review of the slip length val-
ues determined by experiments (EXP)
and molecular dynamics (MD) of vari-
ous water systems. (a) The slip length of
water in carbon nanotubes (CNTs) vs the
nanotube diameter. (b) The slip length of
water on various flat surfaces and water
in various nanotubes (NTs) and micro-
Inano-channels vs the characteristic size
of water confinement.
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these nanostructures depended on measuring the fluid flow char-
acteristics by collecting the fluid’s permeate™” or tracing the fluid’s
flow by means of field effect transistors.” These experimental tech-
niques also gave discrepancies between the reported slip conditions.
For instance, the slip length of water in silicon microchannels of
1 ym-2 ym depth was reported by 0 nm-10 nm."” The slip was
slightly increased to 5 nm-35 nm upon coating the silicon surface of
the same channels by octadecyltrichlorosilane. In one study, a glass
microchannel for water revealed no-slip,'” while another study"’
reported slip lengths of 1000 nm and 860 nm for water in glass and
mica channels, respectively. The slip length for water in octadecyl-
trichlorosilane coated-glass microchannels was reported by 0 nm
and 900 nm in two different studies.”'’ As for water in carbon nan-
otubes (CNTs), discrepancies are clearly seen in Fig. 2(a). Majumder
et al.” reported a huge value of the slip length of 39 mm-68 mm for
water in a 7 nm diameter CNT. Then, Holt et al.” reported 140 nm
and 1400 nm slip length values for 2 nm and 1.3 nm CNTs, respec-
tively. In addition, slip length values of 26 nm, 8 nm-53 nm, and
17 nm-300 nm were reported for water in CNTs with diameters
of 44 nm-46 nm, 0.81 nm-1.59 nm, and 30 nm-100 nm, respec-
tively."”" On contrary, the experiment by Sinha et al."' gave no-slip
of water in 200 nm-300 nm CNTs.

The slip conditions as reported by the molecular dynamics
(MD) simulations are also discrepant. The slip length of water on
a graphene sheet was reported between 1 nm and 112 nm in var-
ious studies.””** ™" In addition, the slip length of water in CNTs
with 1 nm-2.71 nm diameters was reported between 2 nm** and
500 nm**~1000 nm. "’

A. Reasons of paradoxes

Based on the proposed hypothesis of the fluid flow under the
influence of fluid-solid interactions, various models of the fluid slip
are evaluated (these models are reviewed in Table I). Starting with
the slip length as defined in Eq. (1), this model assumes a linear
extrapolation of the velocity profile of a fluid with constant viscosity
[Fig. 3(a)]. The assumed velocity profile by this model has a velocity
jump at the fluid-solid interface followed by the velocity profile that
is usually obtained by the no-slip fluid model. Thus, for a fluid flow
in a circular tube (for example), the velocity profile is parabolic in the
fluid core with a velocity jump at the tube wall [Fig. 3(a)]. Accord-
ing to Eq. (1), the slip length depends on the slope of the velocity
at the solid surface, which would vary from zero (for plug-like flow)
to pr/2u, where y is the fluid’s viscosity, p is the pressure gradient,
and r is the radial position. Consequently, the slip length would vary
from zero for the no-slip flow (where v; = 0) to infinity for the plug-
like flow. This explains the wide range of the slip lengths reported
in the literature. However, this simple model of the slip length (or
even its modified version that depends on the nonlinear extrapola-
tion™) fails to reveal the exact mechanisms of the fluid flow and the
slip conditions. Because of the interactions between the fluid par-
ticles and the particles of the solid surface, the actual fluid flow is
generally anomalous [Fig. 3(b)]. For example, the fluid flow in tubes
is generally non-parabolic, and the velocity profile has a jump at the
interface that is followed by a drag at the first fluid layer'” [Fig. 3(b)]
(this can be understood based on the explained hypothesis).

The slip length in Eq. (1) depends on the slope of the veloc-
ity profile at the first fluid layer [Vv + (Vv)']. This slope is

scitation.org/journal/phf

representative of the slope everywhere within the fluid domain. This
is acceptable if the fluid is subjected to a constant shear stress where
the velocity profile is described by a constant slope. However, for
cases in which the fluid’s shear stress is non-constant, e.g., fluid flow
in tubes, the slope of the velocity profile is generally non-constant,
as well. Therefore, a modification over the slip length model in
Eq. (1) was proposed for the fluid flow in tubes by considering the
parabolic-nonlinear extrapolation of the velocity profile to calculate
the slip length.***’

Another drawback of the slip length model in Eq. (1) is that
it assumes the fluid with a constant viscosity. However, because
the strength of the fluid-solid interactions changes from one fluid
layer to the other, the viscosity is generally non-constant and varies
depending on the separation from the solid surface.'”'” Some mod-
els of the slip length that depend on the effective viscosity of the
fluid were proposed.*">*’ The effective viscosity was calculated by
the average of the interfacial viscosity to the bulk fluid’s viscos-
ity. Nonetheless, these models are not accurate enough, as they still
assume constant viscosity of the fluid. These models disregard the
spatial variation of the viscosity, which is mainly because of the
spatial variation of the fluid-solid interactions. In addition, despite
some other models (Table I) represented the slip length dependent
on the confinement size and/or the wettability of the solid surface,
these models disregarded the spatial variation of the excess fluid-
solid interactions and the viscosity. These models assumed a fluid
flow, which—in many cases—is not the actual fluid flow under the
influence of these excess interactions. This is what has led to the
discussed paradoxes.

Now, can we develop a slip length model that accounts for the
spatial variation of the fluid-solid interactions? In fact, this is a chal-
lenging task, and in many cases, it is impossible to derive such a
model. The slip length, being a boundary condition, depends on
the slope of the velocity profile at the boundary, and this local-
ized value of the slope is a representative of the slope everywhere.
However, this is not true, as the slope of the fluid velocity spatially
varies due to the fluid-solid interactions. Thus, the spatial variation
of the velocity slope cannot be captured by a boundary condition
e.g., the slip length. The spatial variation of the velocity slope would
require another measure, which reveals the influence of the fluid-
solid interactions on the fluid’s characteristics. As shown in Fig. 3(b),
the spatial variation of the velocity slope can be effectively modeled
by a spatially varying viscosity function. This can be understood by
Newton’s law of viscosity that defines the viscosity as the ratio of the
applied shear stress to the shear rate (or the slope of the velocity).
When there is no fluid-solid interaction [Fig. 3(a)], the shear rate is
proportionally related to the applied shear stress, and the constant of
proportionality is the fluid’s viscosity. However, the proportionality
relation between the shear rate and the applied shear stress breaks
down due to the fluid-solid interactions [Fig. 3(b)].

Next, we propose an effective model of the fluid slip flow under
the influence of the fluid-solid interactions that can replace the
existing models of the slip boundary conditions.

IV. HYBRID CONTINUUM-MOLECULAR MODELING
OF THE FLUID SLIP FLOW

The fluid flow near or between solid surfaces mainly depends
on the way it interacts with the solid surface. The classical models
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TABLE 1. Models of the slip length of the fluid in tubes as reported in the literature.

scitation.org/journal/phf

References

Slip length model

Assumptions

Equation (1)

Linear extrapolation. 2
Constant viscosity of water in the nanotube.

The velocity profile has a velocity jump at the interface followed

by a parabolic flow [Fig. 3(a)].

Ls(R) = 30 nm + (272)3’

C is a fitting parameter.

Linear extrapolation. 45

The velocity profile has a velocity jump at the interface followed

by a parabolic flow [Fig. 3(a)].

The slip length is a function of the nanotube radius, R.

Constant water viscosity within the nanotube. However, an effective

water viscosity that depends on the nanotube radius was considered.

The effective viscosity is the weighted average of an arbitrary assumed interfacial
viscosity of ~0.655 mPa-s and the bulk water viscosity.

_ (0 v
LS - ( k )( voarcsinh(ﬁ) )’
Yo
k is the dynamic
coefficient of friction.
vo (m/s) is a fitting parameter.
Ho is the bulk viscosity.

Linear extrapolation. 48

Constant viscosity of water in the nanotube.

The velocity profile has a velocity jump at the interface followed
by a parabolic flow [Fig. 3(a)].

L > 0.

L =o(f )1 1 ()4

Linear extrapolation. 32

Constant viscosity of water in the nanotube.

The velocity profile has a velocity jump at the interface followed

by a parabolic flow [Fig. 3(a)].

The slip length depends on the nanotube radius R, the thickness of the

interface §, and the ratio of the interfacial viscosity (ur) to the core viscosity (y.).

Ly(8) = —<

(cos B+1)*
C is a fitting parameter.

0 is the surface contact angle.

Linear extrapolation.

14

The velocity profile has a velocity jump at the interface followed
by a parabolic flow [Fig. 3(a)].

Constant water viscosity within the nanotube. However, an effective water
viscosity that depends on the nanotube radius R was considered.

The effective viscosity is the weighted average of the interfacial

viscosity to the bulk water viscosity.

The interfacial viscosity (y1) is related to the surface wettability:

pr = to(—0.0186 + 3.25)

The slip length depends on the surface wettability.

of the fluid mechanics deal with the fluid in isolation of its confining
solid surfaces. Nonetheless, the practical use of fluids necessitates the
use of the fluid in a particular solid conveyor. Therefore, the proper-
ties and flow characteristics of fluids should be explored considering
measures of the fluid-solid interactions. Because the solid is located
atand could only impact the fluid boundary, the fluid boundary con-
ditions can be modified for the fluid-solid interactions (such as the
fluid slip boundary conditions). Nonetheless, in many other cases,
the fluid-solid interactions would exceed the boundary and impact
the fluid internally, and the fluid properties are, therefore, altered
by the fluid-solid interactions.

In the Secs. I-11I, we demonstrated that the fluid-solid inter-
actions significantly influence the fluid core as well as its boundary.

In addition, we demonstrated that the slip boundary conditions can
only reflect the influence of the fluid-solid interactions at the fluid’s
boundary, the issue that has led to the paradoxes of the slip bound-
ary conditions. Here, we propose the hybrid continuum-molecular
modeling (HCMM) as a general approach that can effectively reveal
the influence of the fluid-solid interactions on the fluid charac-
teristics. In the context of this approach, the fluid is a continuous
liquid matter that undergoes various forms of polar or non-polar
interactions with a solid surface. These interactions exceed the fluid
boundary to significantly alter the fluid’s properties. The HCMM
gives more efficient and accurate modeling of the influence of the
fluid-solid interactions on the fluid mechanics. The HCMM can
replace the slip boundary conditions with new measures of the fluid
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FIG. 3. Paradoxes of slip boundary conditions. (a) A model of the fluid flow in the
tube that neglects the fluid—solid interactions. In this model, the fluid is assumed
having a constant viscosity uo (green diagram), and therefore, it flows with a
parabolic velocity profile v(r). At the interface, the fluid slips over the solid surface.
The slip length is calculated to correct the velocity profile of this fluid model for the
velocity jump at the interface. The slip length can be calculated by either the linear
extrapolation [as in Eq. (1)] or by the parabolic extrapolation of the velocity profile.
The slip length calculated by linear extrapolation overestimates the velocity profile
of the fluid in the tube. The linear extrapolation gives the slip length considering
that one slope of the velocity profile, dv(r)/dr, is representative of the fluid flow in
the tube. The parabolic extrapolation, however, gives the slip length considering a
spatial-linear variation of the slope of the velocity profile, dv(r)/dr (brown). (b) A
typical model of a fluid flow in the tube that accounts for the fluid-solid interactions.
Because of the fluid—solid interactions, the fluid flow is generally non-parabolic,
the slope of the velocity profile spatially varies [dv(r)/dr, brown], and the viscosity
has a radial distribution [u(r), green]. The slip length cannot extrapolate this case
because neither the linear extrapolation nor the parabolic extrapolation can give
the same velocity profile. For an accurate representation of the fluid flow of this
case, a spatially varying viscosity function, x(r), should replace the slip boundary
conditions.

dv(r)/dr

properties. The HCMM allows the application of the no-slip bound-
ary conditions, and therefore, the paradoxes associated with the slip
boundary conditions are avoided.

The HCMM is developed based on the proposed hypothesis of
the fluid flow under the influence of fluid-solid attractions. A dis-
crete system of fluid particles is considered. Each fluid particle is
subjected to a set of local interactions with the other surrounding
fluid particles. In addition, the fluid system undergoes interactions
with a discrete system of solid particles forming the solid surface.
Thus, each fluid particle is subjected to an excess molecular inter-
action force with the particles of the solid surface. The strength of
this excess interaction depends on the distance between the fluid
particle and the solid particle |x — x;|, where x and x; are the posi-
tions of the fluid and solid particles, respectively. Accordingly, the
Newtonian dynamic balance of a fluid particle # can be expressed as
follows:

0
Fum n= 3 ¥ >
+F 5 ()
2

z iMz

(% Fun) + (3% Fo) = x % 2 (),
A ot

3
I
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where F,,, is the local interaction force between two fluid particles
(nand m). F, is the excess molecular-interaction force acting on the
particle n due to its interaction with the solid surface. x x F,, and
x x F, denote moment fields that generate due to the couple of the
force fields F,, and ,, acting on the fluid particle. Ny, is the number
of the fluid particles that surround the particle n. 71 is the mass of the
fluid particle and v is the particles’ velocity vector.

The model of the discrete fluid particles can be extended to a
fluid medium that occupies a volume Q and is bounded by a surface
S. According to Eq. (2), the continuity, balance of momentum, and
balance of moment of momentum equations can be, respectively,
obtained as follows:

% [ o) =~ [ (im0 3)
) 0

deQ+/.7-'dQ+/TdS:/%(fnv)dQ, (4)
0 0] S 0

f(xxF)dQ+/(xx]-')dQ+/(x><T)dS

0 0 S
=f(x><%(rhv))d(), (5)
0

where F is a vector of the local body forces that locally act on the
fluid particle at point x due to its interactions with the surround-
ing fluid particles and any other local forces (such as gravitational
and external forces) that would act on the fluid particle. F is a
vector of the excess body forces that act on the fluid particle at
point x due to the interaction of the fluid particle with the parti-
cles of the solid surface. The body force F represents any kind of
polar and non-polar molecular interactions between the fluid par-
ticle and the solid particle. T is a vector of the fluid’s surface trac-
tions. The surface traction, T, generates various momentum fluxes
acting on the fluid including the convective momentum fluxes and
the molecular momentum fluxes. The viscous momentum flux usu-
ally represents the slip of one fluid layer past the other layers. In
addition to this conventional momentum, a special viscous momen-
tum that depends on the fluid-solid interactions is generated. Thus,
a part of the applied surface traction T is consumed to give the
fluid layer a momentum against its attraction to the solid surface
(as explained in Sec. IT). To account for the excess momentum due
to the fluid-solid interactions, the molecular momentum flux ten-
sor is formed depending on two viscous momentum flux tensors, as
follows:

T=-(n-¢) with ¢=Pl+c+t+pvv, (6)
where n is the unit normal vector and I is the unit dyadic. ¢ is the
combined momentum-flux tensor. P is the applied pressure field. p
is the mass density of the fluid.

In Eq. (6), ¢ is the conventional viscous stress tensor, which
is conjugate to the fluid-fluid interactions. t is a new viscous stress
tensor that is conjugate to the fluid-solid interactions. It should be
noted that the momentum-flux tensor and the viscous stress tensors
presented in Eq. (6) are general tensors, which can be decomposed
into symmetric and skew-symmetric parts. By substituting Eq. (6)
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into Egs. (3)-(5) and applying the divergence theorem, the continu-
ity and balance equations of the fluid continuum can be written in
the following forms:

0
5P ="V P )
19}
5;(PV) =~V pW-VP-V-0-V t+pg, 8)
G+t=0, )]

where the gravitational force, pg, is introduced as a body force. & and
t are stress vectors with the components 6; = €ijkOjk and ko= €ijktiks
respectively, where €. is the permutation symbol.

Equation (9) indicates that the skew-symmetric parts of the vis-
cous stress tensors, 6 and t, vanish. Thus, the balance equations [Egs.
(8) and (9)] can be rewritten as follows:

0 s s
a(pv):—V-pvv—VP—V-c—V-t+pg, (10)

where the balance equations depend on the symmetric part of the
viscous stress tensors, o' = 1(o+0") and t' = 1(t+t"), where the
superscript T stands for the transpose.

It should be mentioned that Eq. (10) represents a modified
Navier-Stokes equation for the fluid-solid interactions. If the fluid-
solid interactions are neglected (i.e., t = 0), Eq. (10) reduces to the
conventional Navier-Stokes equation.

The viscous stress tensors can be expressed based on Newton’s
law of viscosity as follows:

¢ = —yo(Vv+(Vv)T), (11)

t = —uy(x) (Vv + (V)'), (12)

where po denotes the viscosity of the bulk fluid (the conventional
viscosity) and p is a new viscosity that is introduced to model the
fluid-solid interactions.

By combining the two stress tensors ¢° and t° into an equivalent
total viscous stress tensor T = ¢* + t', such that

T=—u(x)(Vv+ (Vv)T), (13)

Eq. (10) takes the conventional form of the Navier-Stokes equation,
0
5 (PV) ==V pwW—VP-V T +pg, (14)

where p(x) = po + pgr (x).

Equation (14) represents a simple but efficient modification
over the conventional Navier-Stokes equation. It incorporates a
new viscosity of the fluid-solid interactions. According to Eq. (14),
the fluid system has a viscosity that spatially varies due to the
fluid’s interactions with the solid surface. This modified Navier-
Stokes equation allows the implementation of the no-slip boundary
conditions, and the flawed slip boundary conditions are skipped.

Based on the hypothesis that we proposed in Sec. II, the vis-
cosity py(x) varies from one fluid layer to the other depending on
the distance between the fluid layer and the solid surface. This gives
psr (X) a continuous spatially varying function. Despite this fact, fac-
tors such as the wettability of the solid surface would make the fluid

ARTICLE scitation.org/journal/phf

viscosity at the interfacial region totally different than its viscosity
elsewhere. For instance, the fluid particles would be depleted from
the interfacial region if the fluid approaches a hydrophobic sur-
face.'01#317345051 1y addition, observations of the multiphase struc-
ture of water in nanotubes have revealed the phase transition into
vapor at the interface, ice at the first-few water layers, and liquid in
the core."”""**” A viscosity function that can be used to describe
the multiphase structure of the fluid and the possibility of forming a
depletion region at the interface is, therefore, a piecewise continuous
function that distinguishes the interfacial viscosity from the viscosity
of the fluid elsewhere.

Studies have been conducted on the viscosity of fluids that
exhibit slip/stick behaviors over solid surfaces [these studies are
reviewed in Table II (also see Ref. 60)]. It was demonstrated that
the fluid viscosity strongly depends on the confinement size (if the
fluid is confined), the applied shear rate, the fluid’s temperature, and
the wettability of the solid surface. Different approaches have been
adopted to determine the fluid viscosity dependent on these factors.
In one approach, the fluid viscosity is assumed spatially constant,
and the effective viscosity is determined by intersecting the conven-
tional model of the fluid flow—which assumes no-slip boundary—
with the obtained results by MD simulations or experimental mea-
surements (see Group 1 in Table IT). In another approach, the fluid
interface with the solid surface is considered of a distinct-arbitrary
assumed viscosity, and the effective viscosity is determined by the
weighted average between the interfacial viscosity and the bulk vis-
cosity (¢o) (see Group 2 in Table II). These two approaches, however,
cannot determine the spatial variation of the fluid viscosity. Other
approaches, therefore, have been proposed to give the spatial vari-
ation of the viscosity. Nonetheless, these methods were limited to
fluids over flat surfaces (see Group 3 in Table II). For example,
an experimental approach that depends on measuring the fluid’s
shear forces generated between the tip of the atomic force micro-
scope (AFM) and the fixed surface at different separation distances
was proposed.’** The obtained results, when collected, would give
a distribution of the viscosity as a function of the distance from
the flat surface. Another approach of determining the spatial vari-
ations of water viscosity between two flat surfaces depended on MD
simulations.””"*

Recently, the author developed an effective approach to deter-
mine the spatial variation of the viscosity for fluids confined in
hydrophobic and hydrophilic nanotubes.'”'” Here, we represent this
approach in a generalized form to determine the viscosity function
w(x) = po + pg(x) for different fluid systems. Therefore, we propose
the viscosity in the following form:

pr = B/ VPR 0<|x—x<é

#(lx—"sDZ{yﬁyo(us(\x-xs\)) exl>s

where |x — x| is the distance between the fluid layer and the solid
surface, ¢ is the thickness of the fluid-solid interface region, VPR
is a parameter that is the ratio of the slip velocity at the fluid-
solid interface to the applied pressure/shear stress gradient that acts
on the fluid system, 8 is a geometrical parameter, and &(|x — x|)
= ﬂsf(|x - Xs|)/,u0~

In Eq. (15), the fluid viscosity at the interface (i.e., interfa-
cial viscosity 1) depends on the geometry of the solid surface that
confines the fluid and the fluid’s slip velocity over the surface. The
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TABLE II. Review of approaches of determining the viscosity of nanoconfined fluids.

No.

Assumptions

Method

References

Group 1

10

11

12

13

14

15

16

Water is confined between two mica crystals.

Constant viscosity distribution between the two surfaces.

Effective shear viscosity was determined depending on the frequency of the oscillation and the twist
angle between the two surfaces.

Methane flows in a CNT.

Constant viscosity distribution inside the CNT.

The viscosity was determined by fitting the velocity profiles.

Water flow in the nanotube.

Water viscosity is constant in the radial direction within the water core.

A modified Hagen-Poiseuille model with slip boundary conditions was used to determine the viscosity.
A monolayer of liquid water confined between two surfaces.

An ice layer was formed.

Reported density distributions between the confining surfaces.

No viscosity was reported.

The liquid-vapor phase transition near a weakly attractive surface (hydrophobic pores).

Reported density distributions.

No viscosity was reported.

Nonequilibrium MD simulations of the flow of liquid—-vapor water mixtures and mixtures of water and
nitrogen inside carbon nanotubes.

Reported density distributions.

No viscosity was reported.

Water nanoconfined between two mica surfaces.

Viscosity is constant between the mica surfaces.

The viscosity was reported as a function of the shear rate.

Water flow in CNTs.

Viscosity has a constant distribution inside the CNT.

Viscosity was reported as a function of the CNT diameter.

Water nanoconfined between two mica surfaces.

Viscosity is constant between the two mica surfaces.

The viscosity was reported as a function of the shear rate.

Water confined between two hydrophilic surfaces.

By assuming a constant viscosity distribution and based on the Feibelman model of a sphere on plate
geometry, the effective viscosity was related to the peak of the friction force at the interface.

Reported the viscoelasticity of a thin film of aqueous NaCl solution confined between mica surfaces.
The effective viscosity was determined depending on the damping constant of the water flow and
depending on the effective area of the fringes of equal chromatic order.

The viscosity of nanometer-thick water films at the interface with an amorphous silica surface was
measured.

The viscosity values were obtained from three different measurements.

No viscosity distributions were reported.

Water flow in CNTs.

Reported viscosity as a function of the nanotube size and a function of the flow rate.

Water flow in CNTs.

Assumed constant viscosity and a plug-like flow.

Fitted the velocity profile.

Bi- and tri-layer water films confined between hydrophilic surfaces.

Density distributions between the surfaces were reported.

No viscosity was reported.

Water flow in CNTs.

Reported the variation of the effective viscosity and slip length as a function of the CNT diameter.

The viscosity is constant within the water core.

The effective viscosity was assumed a weighted average of the viscosities in the interface and core
regions in the CNT cross section.

EXP

MD

EXP

MD

MD

MD

MD

MD

EXP

EXP

EXP

EXP

MD

MD

MD

MD

66

40

Ul
S

31

(9]
[\S]

67

68

69

~
[\

74,75

45, 49,76
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TABLE II. (Continued.)

No. Assumptions Method References

17 Phase transitions in confined water nanofilms based on density radial distributions. MD 59
No viscosity was reported.

18 Reported radial density distributions. MD 77
Did not report viscosity radial distribution.
The viscosity was considered constant within the nanopore.
The viscosity was reported as a function of the temperature.

Group 2

19 Water flow in CNTs.
Viscosity was calculated based on the Eyring theory.
Variation of effective viscosity with temperature.
Variation of effective viscosity with nanotube diameter.
20 Water flow in CNTs.
Effective viscosity was reported as a function of the temperature and the nanotube size.
21 The viscosity profiles were determined with an interfacial viscosity and a constant core MD 80
viscosity.
22 The effective viscosity of the confined water is a weighted average of the viscosities in the 14, 15
interface and bulk-like regions in nanopores.
In addition, the viscosity was related to the surface contact angle.
23 The viscosity at the interface is different than the viscosity at the water core region. MD 18
Viscosity within the core is constant.
24 Assumed different interfacial viscosity and core viscosity.
The core viscosity is constant.
25 Assumed a spatially averaged value of the viscosity in the nanochannel. MD 82

MD and Eyring theory. 42

Eyring-MD 78,79

Continuum mechanics 81

Group 3

26 Water on a flat surface. EXP 61
Density distributions were reported.
Effective viscosity was reported assuming a constant viscosity distribution between the
tip and the surface.
The viscosity was reported for different values of the separation between the tip and the
distance.
27 The viscosity was reported as a function of the separation size between the tip of the AFM EXP 62
and the surface.
Constant viscosity was assumed.
In addition, the viscosity was determined as a function of the surface wettability.
28 Did not report a viscosity distribution. MD 83
The viscosity was reported as a function of the water density, which would give a radial
distribution of the water viscosity if intersected with the radial density distribution.

29 Reported radial density distribution. MD 84, 85
Related the viscosity to the size of the CNT.
The viscosity was reported as a function of the water density, which would give a radial
distribution of the water viscosity if intersected with the radial density distribution.
30 The variation of the shear viscosity of confined water between two graphene layers. MD 63
31 Presented an algorithm for calculating the spatial variation of the shear viscosity and Theory 64

thermal conductivity through an equilibrium solid-liquid interface using the zero-flux
version of the boundary fluctuation theory.
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thickness of the interface depends on the thickness of the depletion
region, the density of the fluid, and the wettability of the solid sur-
face.'®* It can be defined in terms of the fluid density,m‘3 " the energy
constant of the fluid-solid interaction,'® or the molecular distance
of the fluid-solid interaction.'®'”*>* The VPR parameter, which

quantifies the slip velocity to the applied pressure/shear stress gra-
dient, can be determined by measuring the fluid’s slip velocity over
the solid surface for different applied pressure/shear stress gradients.
The viscosity within the fluid core g, (apart from the interface) spa-
tially varies depending on the nondimensional function &(|x — x|).
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The function £(|x — x;|) can be determined as the ratio of the molec-
ular force of the fluid-solid interaction to the molecular force of the
fluid-fluid interaction.'®"

A. Application to the fluid flow in nanotubes

To show the applicability of the proposed approach of the
HCM, it is implemented to model the fluid flow in nanotubes.
Consider the steady state-laminar flow of a fluid in a circular tube
of length L and radius R. The fluid flows under the influence of a
constant pressure gradient, p. Under these conditions, the non-zero
components of the velocity and the viscous stress are v;(r) and 7,.(r),
respectively (assuming the cylindrical coordinates r, 8, z). Consid-
ering these two non-zero components, the Navier-Stokes equation
[Eq. (14)] of this system becomes

p- f—(r’t‘rz) 0, (16)
where according to Eq. (13), the viscous stress is expressed in the
form

dvz(r)

Trz = [4( ) (17)

where pu(r) is the fluid’s viscosity, Wthh radlally varies because of the
fluid-solid interactions.

The implementation of a radially distributing viscosity that
accounts for the fluid-solid interactions allows the application of
the conventional no-slip boundary conditions of the considered
fluid-tube system,

7,2(0) = finite, (18)
v(R) = 0. (19)

A general solution of Eq. (16) can be written in the form

r C
Te=ps+ 71 (20)

According to the boundary condition (18), C; = 0 arbitrary.
Equation (17) is then substituted into Eq. (20), and the result is
solved for the velocity. Accordingly, the velocity is obtained after
applying the boundary condition (19) as follows:

vz(r)=‘12)(|:f ‘u(rr)dr]r_R_f,u(rr)dr)' (21)

If the fluid-solid interactions are eliminated, Eq. (21) reduces to
the velocity function of the conventional Hagen—-Poiseuille model,

viP(r) = 4L;Q(RZ - rz). (22)

This indicates an enhancement in the fluid volume flow rate by a

factor e,
RU ‘u(rr)dr]r_R—f[r/ ‘u(rr)dr]dr .

(23)

fO rvedr Zﬂ
fR rviPdr R4

1. Viscosity calculations: Water flow in nanotubes

The radial variation of the viscosity is determined according to
Eq. (15) for the water flow in nanotubes. The fluid-solid interactions

scitation.org/journal/phf

are defined by Lennardk]qnes (LJ) potential (as usually implemented
in MD simulations'***">7%),

-2} e

where o and e are the constants of Lennard-Jones potential of the
fluid-solid interactions.

The parameters 8 and VPR of the interfacial viscosity y; are
determined. First, the thickness of the interfacial region is defined by
6=1.1224 o which is the distance from the solid surface at which
the fluid-solid interaction force [de(r)/dr] is zero.'® Because 8 is too
small, to a great extent, it is acceptable to assume a constant viscosity
of the interfacial region. Then, the slip velocity at the first fluid layer
is calculated according to Eq. (21), i.e., vs = v;(R — §), in terms of
interfacial viscosity y, as follows:

p(R* = (R-6)%)

Vg = ———————=. 25
”m (25)
Comparing Eq. (25) to Eq. (15), the geometrical parameter f3 is
determined by
R’ - (R-9)
L) 26)

4

and the parameter VPR is, then, the ratio of the slip velocity to the
applied pressure gradient, i.e., VPR = vy/p.

The VPR parameter can be determined by a set of experimen-
tal measurements or MD simulations that can determine the slip
velocity as a function of the applied pressure gradient. Thus, the
VPR parameter is the slope of the v; — p relation. Based on obser-
vations from the literature and the results of experiments and MD
simulations,” ******>"**" the author determined the VPR parameter
for the water flow in hydrophilic and hydrophobic nanotubes.'*'”
Figure 4 shows the VPR parameter as a function of the nanotube
radius R = 0.65 — 15 nm and for different values of the fluid-
solid interaction energy e = 0.1-3 kJ/mol. An increase in the VPR
parameter is observed, which is then followed by a decrease, as the
nanotube radius increases. This behavior is because of two contra-
dicting mechanisms that influence the fluid flow in nanotubes. As
the nanotube size increases, both, the slip velocity (vs) and the fluid
viscosity at the interface with the solid surface increase. In light of

0.8

€, (kJ/mol)
—~0.7 —o.1

—0.12
LUJ 0.6 —0.15
L 0.5 —o3
H04 o3
Eo03 —os
E 0.2 . !

—_—
=~ 0.1 \ —_3

0 é. —

FIG. 4. The VPR parameter of the water flow in nanotubes. It is determined as a
function of the nanotube radius R for different values of the fluid-solid interaction
energy esf.
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Eq. (21), the fluid’s velocity increases (decreases) as the radius R
[viscosity u(r)] increases. For nanotubes with RS3 nm, the water
depletion region, which has a reduced viscosity, contributes a high
fraction of the nanotube’s internal size, and the slip velocity mainly
depends on the nanotube radius (water’s viscosity at the interface
with the solid surface barely changes). Thus, as long as water deple-
tion contributes to its flow, the slip velocity increases due to an
increase in the nanotube radius, according to Eq. (25). This behav-
ior matches the recent observations of the water flow in CNTs where
increasing trends of the slip velocity with an increase in the CNT
radius from 0.81 nm to 3.25 nm”” and from 0.83 nm to 2.5 nm"” were
reported. On the other hand, for nanotubes with R23 nm, the role
of the depletion region diminishes, and water viscosity at the inter-
face with the solid surface significantly increases due to an increase
in the nanotube radius, which results in a decrease in the slip
velocity.

As for the core viscosity, it radially varies according to Eq. (15).
The function &(r) is determined as the ratio of the molecular force
of the fluid-solid interaction [d¢(r)/dr] to the maximum molecular
force of the fluid-fluid interaction (2.4€ﬁz/0ﬁc),“"”

f(r):—Sesfaﬂ(IZ( o )13—6( oy )7)’ o)

3egoyy R-r R-r

where o and e are the constants of Lennard-Jones potential of the
fluid-fluid interactions.

V. MODEL VERIFICATION

To show the effectiveness of the proposed HCMM to reveal the
fluid slip flow, it is tested against experimental models and MD sim-
ulations of over 90 different cases from the literature. We present in
Table IIT the results of the proposed HCMM in comparison to the
results of the experiments on the water flow in different nanoporous
membranes and different nanotubes.”>° " In addition, we present in
Fig. 5 the results of the proposed HCMM for the water flow in differ-
ent nanotubes in comparison to the results of the experiments and

ARTICLE scitation.org/journal/phf

MD simulations as reported in Refs. 6, 22, 45, 73, and 88. The pro-
posed model revealed an excellent match with the experiments and
MD simulations.

The majority of the experiments of the fluid flow in nanotubes
depended on measuring the flow characteristics by collecting the
fluid’s permeate.””* For instance, by measuring the pressure and the
permeate of the water flow for different imposed flow rates through
a 76 ym-thick nanoporous membrane with 1.07 x 10*° No. /cm?
CNTs of 43 + 3 nm diameters, Whitby et al.” determined the flow
rate per CNT by ~(0.39 — 2) x 107" m?/s. In another experiment,
Majumder et al.” measured the permeability of 34 yum — 126 um-
thick nanoporous membranes with 5x10' No. /cm* multi-walled
carbon nanotubes of 7 nm diameter, and the flow rate per a single
pore was calculated by ~(2 — 3.4) x 10" m>/s. For the water flow
through 2 — 3 ym-thick nanoporous membranes with <0.25 x 10'?
No. /cm* double-walled CNTs (DWCNTs) of 1.3 — 2 nm diame-
ters, Holt et al.” measured the flow rate per CNT by ~(0.77 — 3)
x 107%° m?/s. The reported flow rates by these experiments were
higher than the conventional no-slip flow rates of water in tubes
of the same sizes. The factors of the flow enhancement as reported
by these experiments and others are summarized in Table III. We
reconsidered the same experiments using the proposed HCMM, and
the results of the HCMM are compared to the experimental results
in Table III. The results of the HCMM are in good agreement with
these experiments.

Based on the proposed hypothesis and the HCMM, the water
flow in hydrophobic nanotubes is characterized by a velocity jump
at the interface [Figs. 5(b), 5(c), and 5(f)]. This is mainly because the
water particles are weakly held to the solid surface, and the applied
impulse is higher than the drag due to water-solid interactions.
Thus, the magnitude of the slip velocity at the interface depends on
the applied pressure gradient, as it increases due to an increase in
the applied pressure gradient [Fig. 5(d)]. In addition, the slip veloc-
ity robustly depends on the strength of the water-solid interactions
where it decreases as the strength increases [Fig. 5(b)].

Despite water experiencing a slip at the interface with a
hydrophobic surface, the water flow would be significantly inhibited

TABLE Iil. Flow enhancement factors of the water flow in various nanoporous membranes. A comparison between the

proposed model and experiments available in the literature.

Nanopore/nanotube diameter

Enhancement factor (¢)

Membrane/nanotube (nm) Experiment HCMM References
CNT-membrane 42 22 4 2
MWCNT-membrane 7 1120-4073  162-2206 8
DWCNT-membrane 1.3-2 713-4000 290-4280 7
Polycarbonate membrane 15 3.7 1.61-1.77 7
CNT 0.81 882 793 6
CNT 0.87 662 487 6
CNT 0.98 354 255 6
CNT 1.42 103 75 6
CNT 1.52 59 60 6
CNT 1.59 51 54 6
Boron nitride NT 46 No slip 0.98 1
Boron nitride NT 52 No slip 0.95 1
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FIG. 5. Comparison of the results of the proposed model with the results of experiments and MD simulations for the water flow in nanotubes. (a) The velocity and the velocity
enhancement factor of the water flow in CNTs as functions of the nanotube radius in comparison to Qin et al.” Using an array of field effect transistors, Qin et al.° measured
the enhancement in the velocity (ratio of the measured velocity to the Hagen-Poiseuille velocity) of the water flow on an ultra-long CNT of 1330 um length. Due to an electrical
field that is used to flow the water on the CNT, the flow of water is damped over a damping length of 280 um. To account for the damping effect, an equivalent length of the
CNT of 0.025 m is considered in the performed analyses. (b) Velocity profiles of the water flow in the CNT, boron nitride nanotube (BNNT), and silicon nanotube (NT with
LJ are of Si) in comparison to Joseph and Aluru’® The applied pressure gradientis p = 2 + 0.4 x 10'5 Pa/m, and the nanotube radius is R = 1.08 nm. The results of the
proposed model are represented by solid curves. (c) Velocity profile of the water flow in a CNT with a radius of R = 1.385 nm for an applied pressure gradient of p = 1.24
x 10" Pa/m in comparison to Thomas and McGaughey.“® The results of the proposed model are represented by the solid curve. (d) Slip velocity as a function of the applied
pressure gradient for the water flow in CNTs. Symbols with error bars and shaded regions refer to the results of the MD simulations by Kannam et al.,” while solid lines are
the results of the proposed model. (e) Flow enhancement factor as a function of the CNT radius as obtained by the proposed model (solid curve) in comparison to the results
of MD simulations obtained by Kannam et al.” (dotted curve). (f) Results of the proposed mode! for the water flow in nonpolarized and polarized CNTs in comparison to the
results of MD simulations obtained by Majumder and Corry.®® Velocity profiles are normalized with respect to the corresponding maximum velocity.

at the first water layers due to high polarized water-solid interac- We present in Fig. 6 the evolution of the conventional no-slip

tions [Fig. 5(f)]. For instance, the water flow in nonpolarized CNTs
was obtained with a velocity jump at the interface followed by a
plug-like flow, as shown in Fig. 5(f). For such a case, water is weakly
held to the CNT surface because of a low strength of the water-solid
interactions (e = 1.423 kJ/mol). When polarized CNTs were used,
water became tightly linked to the CNT, and its flow is dragged at
the first water layers after the interface. The water drag is sustained
for a few layers after the interface, and it is reduced at other layers.
As the strength of the polarized interaction energy is increased, the
slip velocity is decreased, while the drag at the first water layers is
increased, as shown in Fig. 5(f).

For the water flow in CNTs, the factor by which the flow is
enhanced increases as the nanotube radius decreases [Figs. 5(a) and
5(e)]. This size effect is mainly because of the surface wettability
of the nanotube. The effect of the hydrophobicity of the nanotube
increases as its radius decreases, and the water slip is much promoted
as the nanotube radius decreases. These factors make the water flow
enhanced when confined in nanotubes with small sizes. In addi-
tion, these observations indicate that the water flow converges to the
no-slip water flow as the nanotube size increases.

nondimensional velocity profile of the water flow in circular tubes to
anomalous nondimensional velocity profiles as the size of the tube
decreases. The features of the velocity profile strongly depend on

(a) (b)
i< 1 i) 1 T
g =IO .
S 0.8 < 0.8 e
= 2 —R=300 nm
~ 0.6 —~ 0.6] « R=25nm
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FIG. 6. Normalized velocity profiles of the water flow in nanotubes (results of the
HCMM). The normalized velocity (normalized with respect to the corresponding
maximum velocity) vs the nondimensional radial position (r/R) of the water flow in
nanotubes. The strength of the water—solid interaction is (a) esr = 0.2 kJ/mol and
(b) e = 20 kd/mol.
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the strength of the water—solid interactions. Therefore, the results
are extracted for ey = 0.2 kJ/mol and ey = 20 kJ/mol. When e
= 0.2 kJ/mol, water particles are weakly held to the tube, and the
tube surface is hydrophobic. Under these weak water—solid inter-
actions, the water flow in a nanotube with a radius lower than
25 nm is featured with a velocity jump at the interface followed by a
nearly parabolic flow [Fig. 6(a)]. The magnitude of the slip velocity
decreases as the tube radius increases. The velocity profile is identi-
cal to the no-slip velocity profile when the nanotube radius is 25 nm
or higher. When ey = 20 kJ/mol, water particles are tightly linked
to the tube, and a drag would be observed at the first fluid layers
[Fig. 6(b)]. Under these strong water-solid interactions, the water
flow in a nanotube with a radius less than 10 nm is featured with a
velocity jump at the interface, a severe drag at the first fluid layer,
and a nearly parabolic flow in the core. The slip velocity vanishes
when the nanotube radius is > 10 nm. Nonetheless, the drag at the
first water layers is sustained for the water flow in a nanotube with
a radius lower than 300 nm. For this case of the strong water—solid
interactions, the conventional no-slip flow is obtained for water in a
tube with a radius >300 nm. These results indicate that the fluid flow
and its slip characteristics strongly depend on its interactions with
the solid surface. These interactions robustly impact the fluid flow
in nanostructures such as nano-channels and nanotubes. In other
cases, however, the fluid flow is conventional and the role of these
interactions is negligible.

VI. CONCLUSIONS

We demonstrated that the excess molecular interactions
between the fluid particles and the solid particles would signifi-
cantly influence the fluid core and its boundary. This makes the
correction of the classical fluid mechanics for the fluid slip by the
slip boundary conditions an inaccurate approach. The slip bound-
ary conditions cannot model the drag of the different fluid layers
due to the fluid-solid interactions. Therefore, we proposed the cor-
rection of the classical fluid mechanics for the fluid slip by means
of the hybrid continuum-molecular modeling. We put the bases of
this new approach, which deals with the fluid as a continuous lig-
uid matter that undergoes various forms of interactions with the
solid surface. These interactions exceed the fluid boundary and
significantly alter the fluid’s viscosity. The implementation of the
hybrid continuum-molecular modeling for the water flow in nan-
otubes indicated an efficient approach that can model the slip flow
of various fluid systems.

Many other factors would influence the fluid slip flow past solid
surfaces. The surface roughness is one factor that decreases the fluid
slip velocity””” and causes a drag at the first fluid layer.”® The influ-
ence of the surface roughness on the fluid slip can be captured by the
hybrid continuum-molecular modeling. Nonetheless, this requires
implementing measures of the surface roughness in the solid sur-
face/confinement geometry and the fluid-solid interaction potential.
The implementation of the hybrid continuum-molecular modeling
for the fluid flow past rough surfaces is an open venue, which would
be considered in a study in the future.

The proposed hybrid continuum-molecular modeling can be
implemented for various fluid systems at different scales. It can per-
fectly reveal the possible slip behavior of many macroscopic fluid
systems that involve electrostatic interactions between the fluid and

ARTICLE scitation.org/journal/phf

the solid surface.””” In addition, it can model the fluid slip flow

in various polar and non-polar nanostructures, e.g., nano-channels
and nanotubes.”*”°"%? Nonetheless, the implementations of the
proposed hybrid continuum-molecular modeling for nanoscale fluid
systems would require examining the possibility of dealing with the
fluid as a continuous matter. This requires identifying the transi-
tion boundary from the continuum to the sub-continuum flow of
the fluid using a molecular dynamics approach.”
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