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Flow-Induced Dynamic Surface Tension Effects at Nanoscale
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The aim of this study is to investigate flow-induced dynamic surface tension effects, similar to the well-known
Marangoni phenomena, but solely generated by the nanoscale topography of the substrates. The flow-induced surface
tension effects are examined on the basis of a sharp interface theory. It is demonstrated how nanoscale objects placed at
the boundary of the flow domain result in the generation of substantial surface forces acting on the bulk flow.

1. Introduction

The distinctive feature of fluid motion at nanoscale is its strong
coupling with the dynamic processes in the interfacial layers
formed at the boundaries between the phases. For example,
we know from recent experiments that slippage of liquids at solid
substrates results in enhanced liquid transport through nanoscale
capillary channels, up to 45—400 times higher in comparison to
the theoretical predictions based on the no-slip boundary condi-
tion.** The slippage of liquids is only one manifestation of
interfacial dynamic properties. Another effect associated with
the formation of interfacial layers and widely exploited to control
nanoflows is surface tension.””’

If a moving contact line is present, the dynamic surface tension
effects manifest themselves in the dependence of the contact angle
04(u.) formed between the moving free surface and the solid
substrate on the velocity of the triple-phase contact line, u..%"”
This can be illustrated by the Young equation, cos 843061, = —0rs
+ 0gs, where oG, ors, and ogs are the surface tensions of
gas—liquid, liquid—solid, and gas—solid interfaces, evaluated at
the contact line. The dependence 64(u.) implies that at least some
of the surface tensions are not equal to their equilibrium values
when the contact line is at rest. The velocity dependence of the
dynamic contact angle is only one part of its general dependence;
apart from the substrate velocity, the contact angle is a function of
the entire flow field at the contact line region. This effect is known
as the nonlocality of dynamic contact angle or, in macroscopic
context, as the hydrodynamic assist of dynamic wetting, which
has been used for decades in the coating industries.'®!!

Studies of the effects of dynamic wetting on smooth flat surfaces (in
particular the effect of nonlocality) have revealed several characteristic
features of the interfacial phase dynamics. Slippage of liquids and the
dynamic surface tensions are closely interrelated; the oGy and o g
surface tensions at the contact line deviate from the equilibrium values

(1) Zhao, B.; Moore, I. S.; Beebe, D. it 2002, 74, 4259-4268.

(2) Squires, T. M.; Quake, S. R. . 2005, 77, 977-1026.

(3) Whitby, M.; Cagnon, L.; Thanou, M.; Quirke, N. Mauglet. 2008, 8, 2632
2637.

(4) Thomas, J. A.; McGaughey, A. J. H. Mgugalgl 2008, 8, 2788-2793.

(5) Darhuber, A. A.; Troian, S. M. . 2005, 37, 425-455.

(6) Blake, T. D. . 2006, 299, 1-13.

(7) Shikhmurzaev, Y. D. (2007) Capillary Flows with Forming Interfaces; Taylor
& Francis.

(8) Bonn, D.; Eggers, J.; Indekeu, J.; Meunier, J.; Rolley, E. et
2009, 81, 739-805.

(9) Ralston, J.; Popescu, M.; Sedev, R. . 2008, 38, 23-43.

(10) Blake, T. D.; Clarke, A.; Rushak, K. J. LIEEEL 1994, 40, 229-242.

(11) Yamamura, M. et 2007, 31/, 55-60.

Langmuir XXXX, XXX(XX), XXX-XXX

and equilibrate over the distance, away from the contact line region,
defined by the characteristic diffusion time in the interfacial layer, that
is, by the characteristic time of the formation of the interfacial
layers.™'°~"" This scenario has been further supported by the evidence
from independent studies of viscous flows over the surfaces with
variable wettability, where the changes of the liquid—solid interfacial
energy ops(x) have been achieved by chemical patterning of the
substrate,'®!”

In this paper, we investigate another effect, which is associated
with forming interfaces and especially relevant to nanofluidic
flows, of coupling of the surface topography and the flow-induced
surface tensions. The question is, what if we change the flat
geometry of the solid surface by placing a tiny, nanoscale obstacle
on the surface? The effect of a particle arrested on a substrate is
well-studied for macroscopic incompressible flows.”**' However,
if the obstacle is, approximately, the size of the interfacial layer,
where the incompressibility condition is relaxed to account for
surface tension, then one would expect to observe completely new
effects, since the presence of an obstacle may disturb the surface
phase density equilibrium state (by compressing the liquid in the
interfacial layer, for example) and cause variations in the surface
tension, similar to the well-known Marangoni phenomenon,
though in this case solely induced by the surface topography. In
this connection, we note that the size of the interfacial layer, A, is
on the order of a few nanometers, 1= 1 — 4 nm, for simple fluids>
so that already nanoscale objects should be able to affect the
equilibrium state of the surface phase at the substrates.

From the experimental point of view, several observa-
tions, especially using the fluorescence recovery technique and
nanoparticles seeded on the substrate in a controlled manner,* >
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