Regularization of the slip length divergence in water nanoftws by in-
homogeneities at the Angstrom scale
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C\J] . We performed non-equilibrium Molecular Dynamics simudas of water flow in nano-channels with the aim of discrimimgt
static from dynamiccontributions of the solid surface to the slip length of thelecular flow. We show that the regularization
of the slip length divergence at high shear rates, formethybated to the wall dynamics, is controlled instead bystatic
properties. Surprisingly, we find that atomic displacermetthe Angstrom scale are sufficient to remove the divegehthe
slip length and realize the no-slip condition. Since swefdxermal fluctuations at room temperature are enough tagierthese
O) displacements, we argue that the no-slip condition for nea@ be achieved also for ideal surfaces, which do not ptessn
1 'surface roughness.
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1 The debate about slip length divergence

oft]

() In the pioneering papéry it was shown that the Navier slip
+— boundary conditioms = /sy can be regarded as the low-shear
© limit of a universal, nonlinear relation between slip vétpc .
us, the slip length’s, and the local shear raje that presents a (a '
I_ divergence of the slip length upon approaching a CritiCRIBa i A A A A S SAS IS A b b
of the shear rate. The onset of diVErgence is ODSEIVEAAL
10'°s~1, both for argod and for watef, a value which is ac- Tom
cessible so far only to numerical simulations, althoughitthe
—terest in the regime of ultrahigh shear rates is rapidly gngw
commercial, industrial-grade fixed-geometry fluid prooess
like the microfluidizer (Microfluidics Corp, MA, USA) oper- (b;
ate at shear rates exceeding 50! to achieve uniform par-
ticle size reduction in emulsions and dispersions, to ereat
nanoencapsulations or to produce cell rupture. Rheometers
such as the piezoaxial vibrafband the torsion resonatbare
also employed to measure the viscosity of fluids at rates up
to 10/ s1, e.g., for the characterization of ink jet fluid rheol-
ogy®8. Laser-induced shock-waves in confined wétevith ©
speed up to Mach 6 in a gm thick water slab yield even
larger numbers, which are of the order of 1. A more de-
tailed knowledge of the properties of fluids at ultrahighashe
rates has therefore become a compelling task. The issue of
slip length divergence, however, is of special interestitas Fig. 1 Simulation snapshots of a portion of the solid surface and
provides testbed for our understanding of the fluid/soltdrin  corresponding potential energy isosurfaces for a singterwa
actions, and of the minumum requirements for the stability o molecule at energksT, 2kgT and gT, respectively from the
the fluid slip. highest to th_e IowesF _color saturation. The vertical positf the
In the approximately fifteen years since the publication ofiSosurfaces is magnified by a factor 5. Panel (a): standafacsu

workd, violation-19, as well as confirmatiod$=150f the ex- it no atomic displacement; Panel (b). random quenched
functionalization with no atomic displacement; Panel (endom

2 Institut fur Computergestutzte Biologische ChemiehWiger Strasse 17 quenc/ihed functionalization with atomic displacement
1090 Vienna, Austria, e-mail: marcello.sega@univie.ac.a ¢ = VkoT/k=~0022 nm.

b Department of Physics and INFN, University of Rome “Tor ‘&g, Via

della Ricerca Scientifica 1, 1-00133 Rome, Italy

¢ Istituto per le Applicazioni del Calcolo CNR, Viale del Rtilico 137, I-

00161 Rome, Italy

I hTESESTND o TC ol T ol o= - T S e e ST AV, Tk 2

ond

arXiv:1304.8098v2

18 |1


http://lanl.arxiv.org/abs/1304.8098v2

60 'Random quenched, £=0.0027 nm \ - - X771 effects due to inhomogeneities of flexible walls, have never
Random quenched, {=0.007 nm i ; i
50 | Random quenched. £-0.013 nm | been dlsentapgleq systematically .from t.he Qynamlc ones. A
e Random quenched, £=0.11 nm @ recent analysis pointed out that all investigations to détieh
€ 4( | Random quenched, £=0 F x P report absence of a divergent slip length under large shear
=~ Standard, £=0 RV . . -
£ Standard, £=0.016 ) were performed with flexible walls capable of exchanging mo-
% 30 - x 1 mentum and energy with flufd. From this observation, and
a o0 m | supported by additional numerical calculations and aielyt
%) X EI v VY models, the authors of Ré concluded that heat and mo-
10 g ? B E‘ W =, mentum transfer from the fluid to the wall are responsible for
f the observed saturation of the slip length at high sheas rate
oLe. ¢© o . o ® ®  ® asopposed to the divergent behavior which takes place using

0.001 0.01 rigid walls. This picture has been questioneirwhere the
authors attributed the divergence to the use of a thermaystat
plied to the fluid molecules. Instead of a saturation of the sl
Fig. 2 Slip length as a function of the shear rate for differentacef  |ength at high shear rate, these authors report a slippage dr

shear rate / (ps'1)

types. Very small values of excursigremove the slip length toward the non-slip condition due to fluid heating. With the
dlvergence(;‘é)r both surface types. Wall atom mass is amount of slippage at high shear rates being reported by dif-
m=1.2x 10" amu. ferent authors to either vanish, reach a constant finiteevalu

or to diverge, the present picture appears rather cons@ter

More importantly, no clear consensus has yet emerged on the
istence of a slip length divergence have been reportedeptev role of different physical quantities governing the traiosi
ing the emergence of a clear consensus on the dependencefafm a finite to a divergent slip length.
fluid slippage properties not only on the imposed shear, but We present here the results of a series of simulations per-
also on the static and dynamic surface inhomogeneities Thiformed with the aim of discriminating those contributions t
lack of consensus calls for further investigations, sinee-c the slip length which are of purely dynamical origin, from
trolling and predicting the behavior of water in nanochdsne those whose origin is rooted in the surface configurational
where surface properties have a profound effect on flow dyproperties. To this end, we have performed simulations ef wa
namics, stands as a major scientific challenge with many prager flow in channels with flexible walls varying the masses
tical applications in modern science and technology. Iddee of the wall atoms and, independently, the harmonic constant
an accurate understanding of nanoscale friction phenomenaof the potential that bounds wall atoms to their latticessite
at fluid-solid interfaces is paramount to the design of micro(see Fig[l). According to our findings, this approach proves
and nanofluidic devices aimed at optimizing mass transporkey to shed new light on the slip length behavior at high shear
against an overwhelming dissipation bart&?® rates. More precisely, we report numerical evidence that it

The effects of static properties of the fluid-solid integfac 1S the presence of an even extremely tiny amount of disorder
such as the contact angle and surface roughness, on slift the atomic positions at the surface, rather than wall tfiéxi
page phenomena have been investigated in depth in the r&Y. which provesresponsible for taming slip length divemge
cent past10.14.15.21-27n0t to mention the growing interest in and making it shear-independent.
microtextured and superhydrophobic mates&té’. Recent
simulations, for example, suggested that the correlaten b o ) .
tween hydrophobicity and high slippage could be less strong  Non-equilibrium Molecular Dynamics simu-
than expected so far, since some model hydrophilic surfaces lations of shear flow
can show slip behavior typical of hydrophobic o#2sEven
though mesoscopic methods have been shown to reprodutising a in-house modified version of the Gromacs $8ite
quantitatively the results of the molecular dynamics ofidan  in order to impose Couette flow, we simulated a slab of wa-
liquids38, the description at atomistic level of both fluid and ter molecules confined between two graphite-like wallsheac
surface is crucial in these kind of investigations, as evamy v consisting of three atomic layers. The water molecules are
small changes in the chemical or physical properties of thenodelled using the SPC/E potenfi§land the electrostatic in-
surface can result in remarkably different static and dyinam teraction is calculated using the smooth particle mesh &wal
properties of the fluid, like, for example, inthe case of loydr  method”, together with Yeh-Berkowitz correctidf to re-
ylated surface®4°. The role of dynamic properties, such as move the contribution from periodic images along the wall
the wall flexibility and thermal conductivity, remains hovee = normal. The distance between the two atomic planes in di-
much less explored:42 Most importantly, the geometric rect contact with water defines the channel witltk- 6.306
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5000

£-0.07 nm, surface “1os The viscosity and friction coefficient can be expressed in
T o terms of the force acting on the surface atoimasn = f /e
4000 - gjg-g;snpnmivgggﬁgy proffe 102 . andA = f/u,?, respectively, but their ratio is independent
o s =0.016 nm, velocity profile I a8 from f and equal taky/y, which allows to interpret the slip
?g 3000 | i : 101 E length as a measure of the balance between frictional and vis
> > cousforces
% 2000 i 0.0 g gs — n/)\ o L/2, (2)
° 1000 1-01 = in analogy with Eq.[{lL), where the slip length can be exprsse
3 through the ratio between imposed and effective shear rate.
0 ‘ ‘ 4 -0.2 Likewise, the dependence on the channel widtls not as
5 6 7 straightforward as it seems, since the friction coefficiede-
position / nm pends on the number of water molecules interacting with the
wall and, in turn, on the channel width.
Fig. 3Left axis: The density distribution of tethered atoms (thin It could be argued that the appearance of the quaktity
lines) and water molecules (thick lines) in the random gbedc Egs.[1) and[{2) introduces an element of indetermination in

case at = 0.07 nm (solid) and; = 0.016 nm (dashed). Right axis: e definition of the slip length if the walls are rough, as in
water velocity profiles at shear rafe~ 0.016ps ™ (squares: this case the channel width (that is, the position of the bydr

¢ ~0.07 nm; circlesZ ~ 0.016 nm). dynamic boundary) is not well defined. Partial solutions to
this problems have been reported in literature. For example
in a work that introduces tunable slip length in DPD simula-
tions??, and that has been successfully applied in the simu-
lation of, e.g., nanoconfined electrophoré8iand electroos-
motic flows>!, it was pointed out that the slip length and the

step for the equations of motion wAs = 1 fs, and the Cou- iti fth K hvdrod ic bound be d
ette flow was realized by displacing the positions of the &om position of the unknown hycrodynamic boundary can be de-
termined by performing both a Couette and a Poiseuille ex-

walls every timestep by a fixed amouhti,At, in addition to : PN
y by o periment. In the present case, however, the situation is com

the usual movement arising from the integration of the equar* . o .
tion of motion. In this way, a constant walls speed, for the plicated by the fact that in a Poiseuille flow, in contrastte t

upper and lower wall, respectively, is obtained. At theistat Couette flow, the whole spectrum of shear rates is probed, and

. . ) this would have added a possibly even more detrimental in-
ary state, the velcity profile (see Fig. 3) is linear overasn etermination, since in the present work we focus on the de
the complete extension of the channel, and deviates from Eendence of t’he slip len thpon the shear rate itself. By and
only at distances from the wall which are smaller than the siz P b leng - BY

of a water molecule. By fitting the slope of the fluid veloc- !arge, using a fixed position for the hydrodynamic boundarie

ity, i.e. the effective shear ratgys — vy /7 it is possible to is probably the best compromise, although in this way the sli
. . . X o : length has to be considered as an effective scale that incor-

obtain the slip length from its geometrical definition of this- i ible shift of th | hvdrod ic boundarv-

tance from the wall at which the (extrapolated) fluid velpcit porates a possibie shilt of the real hydrodynamic boundary-:

. . higher order corrections could be probably introduced by re
10vx/07|(L/2+ £s) Is equal to the imposed wall speag), placing the geometrical width of the channel with the effext

Uy water slab thickness obtained from the density profile. How-

= W -L/2. 1) ever, these corrections lie outside the scope of this paper.
We investigated two different setups, with respect to the

It has to be noted that the effective shear satedepends im-  wall-water interatomic interaction potential. In the fisstup,
plicitly on the channel width. through the fluid/surface inter- hereafter identified as “standard”, the interaction betweall
action properties, so that E] (1), rather than an expnesdio and the oxygen atoms in the water molecules is prescribed
the slip length in terms of known quantities, is merely a con-by a Lennard-Jones potentidl(r) = Cyor 1% — Cer—° with
version between different ways (slip length and effectivess  Cg = 2.47512x 1023 (kJ/nnP) and Cy, = 2.836328x 10°°
rate) of measuring the slippage phenomenon: if the sliptteng (kJ/nm'2)22 up to an interatomic distanceof 0.9 nm. Above
is found, e.g., to be independent on the channel width, thethat distance, the potential is smoothly switched to zero at
the effective shear rate must depend on it so to satisfy[Bq. (1r = 1.2 nm, using a fourth order polynomial. The second
and vice versa. Note also that in this work the sympulill setup is aandom quenchefilinctionalization of the first, real-
be used to denote the imposed shear fate2u,,/L, notto be  ized by making 40% of wall atoms purely repulsié& & 0),
confused with the effective shear ratg that develops in the and increasing the interaction strength of the remainirgson
fluid. by a factora = 1.977. This generates an intrinsic, mainly

nm, while the entire, rectangular simulation cell isQ3b by
16.188 by 80 nm alongx, y andz, respectively, with the wall
surface normals along thedirection. The integration time

ls
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horizontalinhomogeneity of the surface, e.g. see panel (b) in S

Fig.[. The value ofr has been chosen such that water equally  2p |- |

wets the surfaces of the two setups, resulting in comparablé °

macroscopic contact angl¥s Given the known dependence < 15r i

of slip length on contact ang#é, equal wetting is prerequisite g 10, ™ m® o L .

to comparing the slip length along two microscopicallyeliff o 5 ¢ = = |

ent surfaces and understanding to what extent the slipdésgt ® I o = -

affected by different types of surface inhomogeneitiethea 0r ‘ ®

than by the contact angle. 0.01 0.1
For each of the surface type just described, we simulated £ /nm

a flexible and a rigid variant. The flexible variant is reatize
by tethering the atoms of each wall’'s outermost layer torthei Fig. 4 Siip length as a function of the excursién= /KT /k for
respective lattice sites via a harmonic poteritiglr) = 2kr2.  two different values of shear rate (squargs: 0.016 ps ; circles:
The spring constarkt defines the characteristic excursin- y = 0.08 ps1). Tethered atoms have a mass ¢ ¢ 10° amu.
+/ksT /k of the tethered atoms, so that a small valuk lefads

to a high effective inhomogeneity. The density profiles of wa

ter molecules and surface atoms across the channel fortwo s8  The slip length divergence and its regulariza-
lected values of are shown in Fil3. Both profiles are more tion

sharply peaked in the small excursion case, but the effect is

significant only next to the surface, and diminishes grealy ~ As a first step, with the mass of surface atoms held at a con-
the second density peak. In both cases the flow velocity ik wektantm = 1.2 x 10° amu (to efficiently integrate the equations
represented by the Couette flow solution, even in regions neaf motion of the tethered atoms even with the largest spring
the wall where the density of water becomes negligible. constant) we investigated the shear rate dependence diithe s
The rigid variant, on the contrary, is realized by freezitig a length for different displacemenés Providing useful infor-
surface atoms either at their lattice site position (cqroesl-  mation about the scales which come into play in the determi-
ing effectively toé = 0), or in a configuration taken from nation of slippage properties, we present an overview af thi
the equilibrium trajectory of the flexible variant with figit dependence for both the standard and randomized surfaces in
&, which we will denote bym = w. Both mobile and fixed Fig.[2. Five different cases were explored for the random
wall atoms interact with water only, and not among them-quenched surface, between the valdes 0 andé ~ 0.11
selves. By varying the masa of the tethered molecules, it nm (k = 200 kJ/mol nm?), the former mimicking an infi-
is possible to achieve a separate control over dynamic promite spring constant, and the latter corresponding to the on
erties, as the value ah does not influence configurational proposed as optimal fi. The smallest but still finite value,
properties (e.g.: particles distribution, free energesmtact & ~ 0.0027 nm, was chosen to model a nearly flat wall which
angles), but only dynamical ones, like water-surfaceifrict yet retains dynamical features.
and thermal conductivity. As a result, we are able to assess When the wall atoms are perfectly fldt £ 0), both surface
the dependence of the slip length on dynamic, static and nonypes show a tendency towards a larger — in theergent—
equilibrium properties, controlled by the mass and mean exslip length at increasing shear. It takes only sub-nandscop
cursion of the wall atoms and by the imposed shear. Whileexcursions of wall atoms to remove the divergence and make
this model is surely not a completely realistic represémmat the slip length shear independent. The slip length is shear-
of a real surface, it allows us to explore in general terms théndependent (constant) also for large valuesfpfhowever
dependence of slip length as a function of the magnitude ofhe constant value does increase with the spring conktant
surface inhomogeneities. It is worth noticing that in thisrkv ~ (decreasing excursio#) to a limiting value of about 8 nm
we investigate fluctuations with an extension that is n@dar for the random quenched surface and a slightly larger one for
enough to model what usually goes under the name of suthe standard surface. The maximum limiting value for shear-
face roughness. Instead, we are reaching with continudy thindependent slip lengths is reached&t~ 0.01 nm. For
limit of very small surface fluctuations, such as those cdusesmaller mean excursions, the slip Iength is no Ionger shear-
by thermal motion. independent and a divergent-like behavior is observedauaist
Fig.[Q shows the potential energy isosurfaces for three difAt first glance, a characteristic excursién= 0.01 nm might
ferent cases. While the spatial functionalization (b)adie  appear to be surprisingly small, but we note that severaroth
introduces a noticeable perturbation of the energy lamuésca important scales in this system, such as the width of #ad 1
the addition of an even tiny spatial displacement of thessiaf  energy basin of a water molecule in the direction normaléo th
atoms (c) generates the largest perturbation. surface (see Fidl] 1), and the distarite- 0.03 nm travelled
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25 £20.0027 nm, m=12¢102 . . other words a flexible wall reduces friction on the fluid (éner
20 - ifg-ggg nm, m=1.2x10° o | fore, increasing the slip length) by being capable of adjgst
E 2;0'11 S o103 = . locally to the flux of water molecules. In the extreme case of
— 15 L - ) - v 4 . . . . .
< €=0.11 nm, m=co © . m= oo, the slip length divergence is indeed removed, provided
g 10+ . " 41 that the excursiod is larger tharé.. This provides evidence
o 5| ° . s 2 ° | that the flexibility can not be responsible for the regulatian
7 v - - v v v v of the_slip .Iengfth at high shear-ratgs, and acts insteadein th
0 < < < % opposite direction, by increasing, instead of decreading,
: : slip length.
g 1;‘ I % 1 Itis important to note that these are entirely surfaceteela
= ® ° . . .
~ 10 ¥ ‘ & ¢ L4 ? & °3 effects. The viscosity of wateq is the only bulk property
= 08¢ ‘ ‘ 7 that appears in the definition of the slip length for a Couette
0.001 0.01 flow, Eq. (2), and it does not s_how any dependence on shear,
shear rate / (ps™) or spring constant, as shown in Hid. 5, bottom panel. There-
fore, we argue that the transition from a divergent to a shear
Fig. 5Slip length as a function of the shear rate in the random independent slip length is determined not by the wall fldxibi
quenched case, fdr = 0.0027 nm (squaresn = 1.2 x 10° uma; ity, but rather by the configurational disorder induced Imy ti
circles:m= 1.2 x 10°uma; upper trianglesn = ) and for displacements of the wall atoms in the direction normal & th
& ~0.11 nm (lower trianglesm = 1.2 x 10°uma; rhombsm = c). flow.
Lower panel: water viscosity as a function of shear rate. The For Lennard-Jones liquids, Priezjev already notfceuat

experimental valugexp = 5155 kJ/mol/ps/nm at 300K has been

interpolated from reference d&a very small, static displacements of the atomic surface atom

(already 7% of the Lennard-Jones diameter) can have a dra-
matic influence on the slip length using thermal, random or
by a water molecule during its translational relaxatioretiof ~ Periodic displacements. The systematic analysis perfdrme
T, ~ 0.1 pS4. These, however, are only considerations aboufeTe PUtS previous results in perspective, regarding tpeiim

the orders of magnitude of several process occurring in th&nt case of water slippage. In particular, to get an apatieci

system, and a true microscopic explanation of the reason wh{pr the physical realism of the characteristic excursiogtas
a length of 0.01 nm is sufficient to trigger the transitiomfro ~ discussed here, we compare them to displacements obtained
a divergent to a constant slip length is missing. from the effective spring constants of real graphite at 300 K

The transition from shear-independent to divergent slipeasured by inelastic X-ray scgtterﬁﬁgwhlch correspond
length is made even more evident by plotting the slip length at® @bout 0006 nm for nearest neighbors, and are much larger
a function of¢ (Fig.[@) for two selected shear ratgsy 0.016 for second neighbors. _T_hermal qu_ctuanns f_;llone are there-
ps! at the upper end of the low shear-rates plateau, anfpre expected to be sufficient to attain a shear-indeperstipnt
v~ 0.08 ps* well into the shear region where divergence is /€ngth for water.
observed. At the lower shear rate, saturation is reached for
excursions smaller thafy ~ 0.01 nm, whereas the high-shear 4 Conclusions
rate slip length keeps increasing, seemingly unaffected.

From the analysis presented thus far, the role of wall flexi\We have performed non-equilibrium Molecular Dynamics
bility remains unclear, as this dynamical aspect was nai-sep simulations of water flow in nano-channels with separate con
rated out from the other features. For this reason, we sglect trol of the flexibility and static inhomogeneity of the wallhe
two extreme values of excursiod & 0.0027 and (L1 nm)  simulations show that the disappearance of the divergence o
and calculated the slip length for several values of thestetth  the slip length at high shear rates, formerly ascribed td wal
massesn, including the case of atoms fixed in one equilibrium flexibility, is due instead to the excursion of wall atomsnfro
configurationm = o, as described before. the ideal horizontal plane. Moreover, these results shat th

Results from these calculations are shown in Elg. 5. Atatomic displacements as small as those due to thermal motion
low shear ratesy(< 102 ps 1) both values of demonstrate at room temperature are sufficient to regulate the divergehc
marked changes to the slip length with the mas3he small  the slip length. We conclude that, even in the absence of sur-
excursion casé = 0.0027 nm halves in slip from the lowest face imperfections such as point defects or dislocatioigb-h
massm= 1.2 x 10° amu tom = o, and in thefé =0.11 nm  shear water flows in nanoscale channels should not exhipit an
case the slip length is reduced to zeronat 0. The transition  divergent slip length; that thermal motion of the wall atoms
from thermally insulating wallsi= ) to conducting walls is  sufficient to tame such divergence.
therefore associated to a substantial increase in sligheiy We acknowledge M. Chinappi & D. Lohse for useful
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