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Patterning nanoscale flow vortices in nanochannels with patterned substrates
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We report the generation of complex toroidal nanoscale vortices in nanochannel flows, through the employ-
ment of patterned surface patches with contrasting wettability characteristics. Through extensive molecular-

dynamics simulations, we further delineate that complicated interactions between the wettability gradient-
driven vortex structures and surface roughness-influenced flow features may give rise to interesting patterns in
the flow field. We also establish the orientation specificities of these nanoscale vortices, and demonstrate that
the surface roughness effects may potentially act to alter the flow rotationalities realized out of modulated
surface patterning effects to a considerable extent, which may have interesting consequences toward designing

nanoscale mixing elements.
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The ability to generate featured structures over submicron
[1,2] regimes has triggered a wide range of scientific inves-
tigations, encompassing several facets of interfacial fluid dy-
namics and molecular transport over nanometer length
scales. Comprehensive studies have revealed that the affinity
of fluids to nearby solid surfaces may be locally tuned
through chemical treatment of the substrates, their topo-
graphical modulation, or by exploiting several nontrivial fea-
tures of confinement-induced hydrodynamic interactions
over reduced length scales, in a somewhat nontrivial fashion.
However, while research studies have successfully demon-
strated patterned vortex formation and mixing by utilizing
these intriguing physico-chemical phenomena over micro-
scopic scales, possibilities of realizing analogous effects over
nanometer length scales have largely been unexplored. Such
deficiencies in physical understanding have essentially
stemmed from the fact that the classical paradigm of enhanc-
ing spatiotemporal mixing of fluid elements through chaotic
advection appears to be virtually prohibitive in systems with
characteristic length scales approaching only a few molecu-
lar dimensions, as attributable to their characteristic ultralow
Reynolds number effects.

Several researchers have studied various important facets
of hydrodynamics in nanometer scale channels through ex-
tensive molecular-dynamics (MD) simulations, elucidating
interesting aspects of the underlying transport processes, in-
cluding the effects of interface wettability on flow structures
[3], fluid dynamics in surface-nanostructured channels [4],
effects of wall lattice-fluid interactions on the density and
velocity profiles [5], perturbations in fully developed
pressure-driven flows [6], slip behavior on substrates with
patterned wettability [7], and effects of surface roughness
and interface wettability on nanoscale flows [8]. Issues of
nanochannel transport of more complex fluids have also been
elaborately addressed. For instance, Cieplak et al. [9] ex-
ecuted MD simulations of dense and rarefied fluids compris-
ing small chain molecules in chemically patterned nanochan-
nels, and predicted a novel switching from Poiseuille to plug
flow along the channel. However, these studies were prima-
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rily directed toward unveiling the possible deviations of the
velocity profiles from the classical parabolic shape, rather
than emphasizing on multidimensionalities in the flow struc-
ture. Fan er al. [10] studied the effects of varying cross sec-
tions on the velocity vectors in nanochannel flows and con-
cluded the possibilities of isolated vortical structure
formation. However, possibilities of complex toroidal pat-
terns in the flow field were not addressed in their work.

Can we realize patterned vortex structures with topo-
graphical complexities in pressure-driven nanochannel flows
by overcoming these limits? Through extensive MD experi-
ments, we demonstrate here that the above is indeed a pos-
sibility, by imprinting patterned patches of tunable wettabili-
ties on nanochannel substrates with spatially varying
topographical features, thereby rendering the flow system to
be capable of shedding vortex structures which are reminis-
cent of typical recirculating rolls that may otherwise be ob-
served only in confinements having lateral extents several
orders larger in characteristic dimensions as compared to
molecular scales. We also show that with a nontrivial inter-
play of the physical and topographical features of the con-
fining boundaries, complex flow patterns may effectively be
obtained with characteristic features varying over molecular
dimensions, having favorable implications toward mixing
enhancement through the combined advection-diffusion
transport of vortex elements over spatiotemporal scales that
are compatible with typical dimensions of nanoscale fluidic
devices. We also demonstrate that surface roughness ele-
ments, which are inevitable artifacts of any fabrication pro-
cess, may significantly perturb the vortex structures other-
wise obtained as a consequence of patterning the surface
wettability gradients.

Our MD simulations are essentially based on the employ-
ment of a generalized Lennard-Jones (LJ) potential for cap-
turing the intermolecular interactions. Locally tunable wet-
ting phenomena at the fluid-solid interface are simulated
through a modified LJ potential, as V(r;)= 168[(5_/)'2
—c(i,j)(f)6f(x,-,yj)], where the parameter c(i,j) may be uti-
lized to mimic varying wettability characteristics. Lower and
upper bounds in ¢ conform to highly repulsive (nonwetting;
¢=0) and highly attracting (wetting; c=1) walls. In order to
mimic the effects of atomically “corrugated” roughness char-
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FIG. 1. (Color online) (a) Three-dimensional view of the system
simulated. Triangles and asterisks indicate wall atoms, whereas
circles represent fluid atoms. (b) Flow structures over a patterned
arrangement of wall atoms. The “plus (+)” indicates hydrophilic
wall atoms whereas the “asterisk (*)” indicates hydrophobic wall
atoms. The continuous lines indicate the streamlines of the flow.

acteristics of the surface, we modulate the attractive tail of
the modified LJ potential with the following function:
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The parameter N implicates the amplitude of the surface as-
perities (smaller N implies rougher surfaces). In addition, the
parameter K represents the wave number of the surface char-
acteristics. Unlike the previous studies [8], choice of modi-
fied LJ potentials in this way not only allows a simultaneous
control over the topographical and wettability characteristics
of the confining boundaries through the pertinent interaction
forces, but also implicates an explicit coupling between these
two immensely consequential interfacial features. We con-
sider the fluid atoms to be confined between two parallel
walls, each consisting of two layers of atoms [see Fig. 1(a)]
arranged in the [001] plane of a fcc lattice, with a lattice
constant of 0.850 [9]. The shortest distance between the two
confining walls is taken as H=60. The fcc lattice in main-
tained by tethering the wall atoms to their lattice sites by a
spring potential which is adjusted to keep rms deviation of
the atoms from the lattice sites to zero. This essentially
means keeping the wall atoms fixed and not allowing any
deformation or oscillation about the lattice points [11,12].
Space between the two walls is filled with fluid atoms
[marked by “*” in Fig. 1(a)]. A bulk fluid density of po”
=1 is considered for obtaining the results reported in this
work. Periodic boundary conditions are employed in the x
and y directions. Fluid properties considered resemble to
those of liquid argon. Various parameters considered for the
results reported here are as follows: £=0.9786 kJ/mol; o
=0.34 nm; b=120; and N=1,2. The amplitude of roughness
mimicked by f(x,y) may be estimated as: Ar=N"6o{1
—m], which is on the order of 0.1 for N=2, for ex-
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ample. Such choices of parameters are sufficient to capture
the essential physics of interactions between surface rough-
ness and wettability conditions, without unnecessarily ampli-
fying the computational complexity. Other choices of these
parameters have also been extensively studied, but are not
presented here for the sake of brevity. The physical scales

pertinent to the simulation are interrelated as 7= mT where
o is the molecular length scale, ¢ is the fluid-fluid interaction
energy scale, and m is the molecular mass (taken as 39.948
a.m.u.) so that 7~ 1 ps. Each fluid atom is initially given a
velocity that is randomly picked from the Maxwell-
Boltzmann distribution, corresponding to a temperature of
1.6e/kg [9].

A variety of thermostat techniques has been introduced
into the literature for adding and removing energy from the
boundaries of the MD simulation domain in a realistic man-
ner, so as to approximate the canonical ensemble. The Nosé-
Hoover thermostat has been established as one such popular
technique. The basic idea behind the Nosé-Hoover thermo-
stat is to introduce a internal degree of freedom into the
Hamiltonian of the system, which, in turn, modifies the equa-
tions of motion and introduces an additional governing equa-
tion for the thermostat variable. Importantly, calculations
corresponding to this thermostat are executed in a reference
frame in which center of mass of the system is at rest. This
thermostat effectively introduces an “artificial” external fric-
tional force, which is likely to alter the hydrodynamics. In
addition, this thermostat does not conserve local momentum,
primarily because of the fact that the effective thermostating
forces are noncentral and nonpairwise additive. To circum-
vent the above problem, one may employ a modified Nosé-
Hoover thermostat, as introduced by Stoyanov and Groot
[11] by coupling two thermostats in parallel. The first one is
a Galilean invariant version of the Nosé-Hoover thermostat
that acts on pairs of atoms, rather than on a single atom. The
second one is the Lowe-Anderson thermostat, which may be
perceived as a pairwise analog of the Anderson thermostat.
In the Lowe-Anderson thermostat, a pair of particles that are
separated by less than a critical distance is selected to ex-
change momentum with a frequency of I'. For each atom, the
choice between the Nosé-Hoover thermostat and the Nosé-
Hoover thermostat is made with a probability of I'Az, where
At is the integration time step and I" is the Lowe-Anderson
exchange frequency. The resulting equations of motion are
integrated using the velocity Verlet algorithm. In this way, a
thermostating may be achieved that conserves both linear
and angular momentum in the system. In the present case,
however, results obtained by employing the Nosé-Hoover
thermostat and those obtained by employing its modified ver-
sion mentioned as above exhibit differences that are only
marginal in nature. For implementation, the thermostat is ap-
plied during equilibration, while the system is then left free
and allowed to equilibrate for 500 ps, with each time step
being 0.001 ps long. Subsequently, an acceleration of
0.10/ 7 is applied to all the fluid molecules along the posi-
tive x-direction. Our calculations have revealed that this is
the threshold order of acceleration necessary to generate per-
ceptible nanovortex formation in the wall-adjacent layers.
The system is then allowed to equilibrate under this accel-
eration for another 500 ps. The LJ potential values are trun-
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cated at 2.2¢0. The equations of motion for individual mol-
ecules are integrated by using a velocity Verlet algorithm.
The velocities and positions of the fluid atoms are sampled
over a period of 80 ns. Averaging is done by employing
cubical bins with size of each edge as o.

We first discuss some representative results depicting re-
lationships between the flow characteristics and surface wet-
tability gradients. We consider a “checker box” arrangement
of the hydrophilic and hydrophobic units on the channel
walls [see Fig. 1(b) for a representative layout], using several
types of repeating monoblocks as representative templates.
Such units are carefully chosen to bring out the significance
of wetting inhomogeneities amidst the existence of a struc-
tured patterning on disparate physical scales. Discontinuities
in the solid-fluid intermolecular interactions essentially lead
to jumps in the surface wettability conditions, resulting in
fluid adsorption and layering on the attractive patches and
depleted spaces near the repulsive patches. A competition
between the designed wetting characteristics of the substrate
and the imposed flow leads to fascinating flow patterns, with
interesting morphological characteristics on a molecular
scale [see Fig. 1(b) for a representative example]. Over the
hydrophilic patches, the fluid tends to diffuse spontaneously,
so as to minimize its free energy. However, the imposed flow
tends to carry the fluid away from those “preferred” loca-
tions. If the channel walls merely contained single hydropho-
bic and hydrophilic patches, then that would have simply
permitted the substrate-adhering fluid elements to be prefer-
entially organized over the hydrophilic zone, while the exter-
nal force would have trivially transported the outer flow over
the wall-adjacent layers. The presence of alternate patches,
each characterized by its own hydrophobic and hydrophilic
subzones, interrupts this flow because locally varying wetta-
bility gradients over molecular scales. The fluid elements
over local hydrophobic zones tend to adapt to their repulsive
actions by diffusing into the bulk. However, because of spa-
tial variations in the wettability conditions, the fluid can en-
croach partly into the incompatible subdomains. This leads
to the inception of flow “arms” that sweep across the channel
sections. These arms can join and pinch off, leading to inter-
esting flow topologies even at the molecular scales. The flow
structures typically exhibit asymmetric patterns, with their
inceptions occurring at the junctions between adjacent sur-
face elements having contrasting wettability characteristics.
In the middle of the flow domain, the imposed external force
tends to advect the flow elements with minimal explicit de-
pendence on the surface patterning. However, because of
molecular momentum transfer, the wall effects significantly
diffuse into the bulk, aided by the narrow extent of the con-
finement. Thus, over a large extent within the domain, mo-
mentum diffusion dominates, resulting in upward, down-
ward, and inclined movements of the flow arms and their
intermingling, and eventually leading to necklacelike pat-
terns. Overall, a complex interaction between advection in
the bulk flow and momentum diffusion triggered by substrate
wettability gradients as well as molecular momentum trans-
fer between various layers effectively controls the evolution
of the flow patterns in the system and are responsible for the
observed intriguing flow characteristics. Importantly, these
flow patterns not only depend on the relative extents of hy-
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FIG. 2. (Color online) Flow pattern over the channel wall in
“horizontally patched” and “diagonally patched” topologies. The
“plus (+)” indicates hydrophilic wall atoms whereas the “asterisk
(*)” indicates hydrophobic wall atoms. The continuous lines indi-
cate the streamlines of the flow.

drophobic and hydrophilic patches on the walls, but also on
their dominant orientations. This aspect is illustrated in Fig.
2, considering the examples of “horizontally” and ‘“diago-
nally” laid out patches. In the later case, the hydrophobic
diagonal forms a low resistance path for fluid flow, and vor-
tex formation is observed in the hydrophilic regions on both
sides of the diagonal, as a response to the driving force along
x-direction. Interestingly, it is a differential gradient of fluid
densities over the hydrophobic and hydrophilic patches that
dictates the vortical structures in the flow and the interlayer
mixing of the fluid elements. The density profiles corre-
sponding to Figs. 2(a) and 2(b), as depicted in Figs. 3(a) and
3(b) aptly corroborate this viewpoint.

How does the surface topology interact with the wettabil-
ity gradients and influence the vortex structures? Typically,
higher the degree of substrate-induced molecular ordering
near an ideally flat (smooth) wall, less prominent is the de-
gree of effective slip between the fluid and the solid [7], and
greater is the momentum transfer between the fluid and the
substrate. However, for rough surfaces with periodicities of
comparable order as the periodicities in the surface wettabil-
ity conditions, an interesting confluence may be observed,
which can be attributed to an effective molecular-scale
roughness corresponding to the heterogeneity in the liquid
affinity along the substrate. The resultant flow features, con-
sidering combined effects of patterned surfaces with rough-
ness effects, are elucidated in Fig. 4. The corresponding den-
sity profiles are shown in Fig. 5. Interestingly, it is revealed
that for lower amplitude surface roughnesses (for example,
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FIG. 3. Density field corresponding to the cases presented in
Fig. 2
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FIG. 4. (Color online) Flow patterns over rough channel sur-
faces with (a) and (c) “horizontally patched” and (b) and (d) “di-
agonally patched” configurations. Cases (a) and (b) correspond to
N=2, whereas cases (c) and (d) correspond to N=1. The “plus (+)”
indicates hydrophilic wall atoms whereas the “asterisk (#)” indi-
cates hydrophobic wall atoms. The continuous lines indicate the
streamlines of the flow.

N=2), the vortex formation is essentially surface patterning
dominated [see Figs. 4(a) and 4(b)], whereas for higher am-
plitude cases (for example, N=1), the same is essentially
surface roughness dominated [see Figs. 4(c) and 4(d)]. In the
later cases, the flow rotationalities are significantly affected
by high-amplitude roughness elements.

In order to quantitatively compare the rotational strengths

= bi.a
3
25 1.2
2
15 1
1
0.8
05
1 2 3

2
(a) (b) x(nm)

) 2
' 15
1
1 2 3

x(nm)

y(nm)
y(nm)

2
x(nm)

FIG. 5. Density field corresponding to the cases presented in
Fig. 4
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FIG. 6. Dimensionless vorticity (C.) fields corresponding to the
cases presented in Fig. 2

in the flow structures for rough and smooth surfaces, we
obtain the field distribution of a rotationality parameter
CZ=U|V‘X7V .» which is essentially a dimensionless vorticity
component along the z-direction. Contours of the dimension-
less vorticities, corresponding to the cases reported in Figs. 2
and 4, are delineated in Figs. 6 and 7. Local cross gradients
of densities because of patterned wettabilities essentially
give rise to local rotationalities in the flow structure, as in-
fluenced by wall roughness elements. Upscaled interpretation
of such typical flow structures may also be offered qualita-
tively from a quasicontinuum perspective, as described in
our subsequent discussions. The root mean square of the sur-
face roughness parameter C,, as denoted by C,,,, is indicated
in Table I for two representative cases. Interestingly, the sur-
face roughness effects have two contrasting influences. On
one hand, these act to reduce the strengths of flow rotation-
alities by destroying the localized toroidal vortices, and on
the other hand these tend to enhance the overall rotational
strengths by introducing local sources or sinks around a cen-
tral band in the flow structure. The net effect turns out to be
an enhanced C,,,, with the interplay of surface roughness
elements, as evident from Table 1.

In order to assess the implications of the extent of domain
confinement and the numbers of fluid atoms on the conver-
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FIG. 7. Dimensionless vorticity (C.) fields corresponding to the

cases presented in Fig. 3
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TABLE 1. Dimensionless rms vorticity comparisons for smooth
and rough walls.

Pattern C,,s without roughness  C,,,, with N=1
Horizontally patched 4.98 8.21
Vertically patched 3.49 7.18
Diagonally patched 4.23 6.05

gence of the MD solutions, we have varied the domain size
and number of fluid atoms for the chosen bulk fluid density,
and have repeated the simulations under those varied condi-
tions. In particular, we have studied fluid domains with ver-
tical extents of H=60,80,100, by employing 864, 1152,
and 1440 numbers of fluid atoms, respectively (with a refer-
ence dimension of 120X 120 in the x-y plane). We have
observed that the dimensionless vorticity number (C,,,,) re-
mains virtually unchanged with these alterations, with iden-
tical vortical structures obtained corresponding to any given
combination of surface wettability and roughness character-
istics. Since plots for such different case studies are virtually
repetitive with those presented in the paper, we have omitted
their reproduction for the sake of brevity.

How can we explain the qualitative physics of the nano-
scale vortex formation from an upscaled quasicontinuum
perspective? It is qualitatively conjectured that over the sys-
tem length scales, surface roughness-wettability coupling
may give rise to an effective stick-slip motion. Nonwetting
surface units are not thermodynamically favored to form at-
tractive bonds with the fluid molecules. Hence, these give
rise to excluded volume regions encompassing the locations
characterized with sharply diminishing number density of the
fluid. Close to isolated nonwetting units, the fluid molecules
can structurally change and reorganize without sacrificing
their attractive interactions. However, with repeated nonwet-
ting units, persistence of a sustained network of attractive
bonding is virtually impossible. Such interfacial perturba-
tions may destabilize the liquid further away from the solid
walls, leading to significant pressure perturbations, and
hence gradients in transverse as well as axial flow velocity
components. In confined fluids, long-ranged interactions may
also trigger separation-induced instabilities, which may
physically originate from an enhancement in the local mo-
lecular field due to an effective replacement of the fluid by
solid walls. The localized but repeating patches of nonwet-
ting surface units tend to catalyze the variations in these
effects to a significant extent. The net effect at the solid
boundary may be conceptualized in a continuum perspective
by introducing locally variable slip-stick lengths, consistent
with the coupling between surface wettability and topo-
graphical characteristics. Over the surface roughness length
scales, a flow may be locally induced, which can dissipate
mechanical energy and therefore can resist motion. Math-
ematically, the problem can be transformed into an equiva-
lent stick-slip boundary condition on an idealized flat wall,
with an appropriate accounting of the pertinent geometrical
and statistical information on the topographical features of
the corrugated surface [13]. The effective slip length, [, re-
sulting from these features, may be considered to obey the
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FIG. 8. Slip length map corresponding to the cases presented in
Fig. 2

following generalized boundary condition on a continuum
scale [14]: [(V,V;+V,;V)t;n, =V, where n is a unit vector
normal to the interface and pointing toward the liquid and t
is a unit vector in its tangential direction. The local variations
in /; over the surface patterning length scales becomes non-
trivial, considering the complex interactions between the to-
pographical and wettability features of the confining bound-
aries. At locations where the reduced surface wettability
dominates significantly over the “topographical drag,” the
values of [, are higher, whereas at other locations those may
be lower. To simplify the explanation and yet isolate the
essential physics, one may consider a reduced system in
which the local slip length varies along x, as ls=l§0)[l
+a cos(kx)], which in turn gives rise to a continuity-
satisfying transverse velocity component [15]

al?
VZ(Z) = kvx(;)
(H - z)sinh k(H + z) — (H — z)sinh k(H - z)
sinh 2kH + 2kI° cosh 2kH — 4k(H — z)

X cos(kx)

which is accurate up to the first order in a. Since [ varies on
a locally patterned scale, existence of such spatially varying
axial and transverse velocity components with designed pe-
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FIG. 9. Slip length map corresponding to the cases presented in

Fig. 4
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riodicities give rise to wall-adjacent nanoscale vortex ele-
ments in the flow structure. The vorticity perturbations on
account of variations in surface wettability get effectively
transmitted into the outer layers due to intricate intermolecu-
lar interactions, thereby giving rise to fascinating flow struc-
tures as delineated earlier. While being qualitatively physi-
cal, it may however be noted that the above oversimplified
qualitative argument may get substantially more involved
corresponding to the real three-dimensional nature in the pat-
terned “slip” behavior considered in the present study, giving
rise to both x and y dependences in /. Nevertheless, the
essential physics of obtaining patterned nanoscale vortices,
even in such complicated cases (as evident from the MD
simulations presented here), remains conceptually analogous
to what is portrayed in this elusively simple explanation from
an equivalent continuum perspective. This facet may also be
illustrated through the slip length maps as depicted in Figs. 8
and 9, corresponding to the cases presented in Figs. 2 and 4.
Following the Navier boundary condition, these slip lengths
are calculated by extrapolating the velocity profiles from the
respective near-wall positions in the fluid to a hypothetical
location where the velocity would vanish. In terms of the slip
velocity (u,) at the wall location, the slip length (I,) is thus
estimated as
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Clearly, strong gradients of slip lengths occur across the
boundaries of the regions demarcating dominant and abun-
dant existence of nanoscale vortices, as evidenced through
Figs. 8 and 9.

In summary, we have demonstrated through MD simula-
tions that half-toning-like patched elements on nanochannel
substrates with varying wettabilities may give rise to inter-
esting rotationalities in the flow structures, very much akin to
the flow vortices that may otherwise be obtained only at
substantially elevated Reynolds numbers. In addition, we
have illustrated the interactions between these structures and
surface roughness elements, and have elucidated that the
later ones may effectively act in dramatically modulating the
rotationalities in the resultant flow structure. We have also
introduced a quantification of the vorticity field in the nano-
scale domain as a function of relative orientations of the
surface patches, which may offer design insights to the sci-
ence and technology of nanoscale mixing.
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