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A theoretical model extended from the Frenkel-Eyring molecular kinetic theory (MKT) was applied to describe the boundary
slip on textured surfaces. The concept of the equivalent depth of potential well was adopted to characterize the solid-liquid in-
teractions on the textured surfaces. The slip behaviors on both chemically and topographically textured surfaces were investi-
gated using molecular dynamics (MD) simulations. The extended MKT slip model is validated by our MD simulations under
various situations, by constructing different complex surfaces and varying the surface wettability as well as the shear stress ex-
erted on the liquid. This slip model can provide more comprehensive understanding of the liquid flow on atomic scale by con-
sidering the influence of the solid-liquid interactions and the applied shear stress on the nano-flow. Moreover, the slip velocity
shear-rate dependence can be predicted using this slip model, since the nonlinear increase of the slip velocity under high shear

stress can be approximated by a hyperbolic sine function.
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1 Introduction

Modeling fluid flows over a textured surface have attracted
increasing attention especially over the past decade [1]. The
super-hydrophobic lotus leaves capable of self-cleaning [2]
and the shark skin with the ability of drag reduction [3,4]
are two excellent examples from nature. To utilize these
phenomena in the practical applications such as molecular
switches and biosensors [5,6], it is essential to understand
the underlying mechanisms of boundary slip on textured
surfaces [7,8].
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In recent years, boundary slip on textured surfaces has
been investigated intensely, both by experiments [9—11] and
molecular dynamics (MD) simulations [12-18]. The boun-
dary slip is affected by many factors, such as surface wetta-
bility [19,20], surface roughness [16,21], applied shear
stress [22,23], viscosity changes near interface [24] and the
presence of chemical functionalization [25]. Besides, slip is
also determined by the interfacial liquid molecules distribu-
tion, which becomes more prominent in textured surfaces
[26]. When we consider the onset of the slip, it is generally
accepted that the slip occurs only when the applied shear
stress is larger than a critical value, which is termed as the
critical shear stress [27]. Our previous work has confirmed
that the critical shear stress increases exponentially with the
liquid-solid interactions [27]. There are some existing slip
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models for textured surfaces. For example, the effective slip
length /; can be expressed as:

I, =(L/n)In[ sec(pm/2)],

in which L is the horizontal distance between the roughness
peaks and ¢ was the proportion of actual solid-liquid inter-
face [28-30]. Although the slip length is connected to the
surface roughness explicitly, these models do not involve
descriptions about the related physical mechanism such as
surface wettability or applied shear stress.

More recently, slip models [27,31] based on Frenkel-
Eyring molecular kinetic theory (MKT) were designed and
sculpted. In the original MKT framework, the liquid flow is
treated as a stress-modified molecular rate process. The
potential well hypothesis was proposed to describe lig-
uid-solid interactions [32,33]. Further, this concept was de-
veloped by Blake et al. [34,35] to describe the nano-droplet
wetting and spreading on smooth surfaces. The driving
force for the contact line motion is equal to the out-of-
balance surface tension force that arises when the capillary
equilibrium is disturbed [34,35]. After that, this theoretical
approach was used to describe the electro-elasto-capillarity
and relevant issues [36-38]. The MKT slip model was also
extended to include the critical shear stress, which deter-
mines the onset of the slip, and the energy dissipation near
the liquid-solid interface with high shear stress [27].

In this work, we applied the extended MKT slip model to
textured surfaces, including the chemically textured pattern
with alternating stripes of different wettability and the topo-
graphically textured pattern with different shapes of grooves.
For smooth surfaces, the liquid molecules were assumed to
flow unobtrusively with symmetrical potential well period-
ically. However, it becomes more complicated to give an
appropriate account of the potential energy profile for tex-
tured surfaces. In this work, through introducing “averaging
effect” in the potential well depth of the classic MKT, we
advanced the idea of an equivalent depth of potential well
and validated it by MD simulations, in which a model with
liquid flow confined between two stationary solid walls
were simulated. The slip velocity at the solid surface is ob-
tained from the MD simulation and analyzed using the ex-
tended MKT slip model. It was assumed that this extended
MKT slip model has its prominent advantages. Firstly, with
the introduction of the equivalent depth of potential well,
this model demonstrates more immediate physical signifi-
cance for the boundary slip on textured surfaces. Secondly,
the analytical expression of this model can be compared
with the MD results since it uses parameters consistent with
the ones used in the simulations. Thirdly, this slip model
can provide more comprehensive understanding of the lig-
uid flow on atomic scale through considering the influence
of the solid-liquid interactions and applied shear stress on
the nano-flow. Finally, the slip velocity shear-rate depend-
ence can be predicted using this model, since the nonlinear
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increase of the slip velocity under high shear stress can be
approximated by a hyperbolic sine function. The paper is
organized as follows. The details of MD simulations are
described in sect. 2. The MD simulation results of slip ve-
locity and corresponding MKT analysis on chemically and
topographically textured surfaces are presented in sect. 3.
The conclusions are given in sect. 4.

2 Models and methods

To investigate the boundary slip behavior and its mecha-
nism on textured surfaces, we consider both chemically and
topographically patterned surfaces as shown schematically
in Figure 1. The solid walls are parallel to the xy plane. The
atoms are arranged based on the face-centered cubic crystal
structure. As depicted from a side view in Figure 1(a), the
chemically textured surfaces are referred to smooth surfaces
which are patterned with alternating stripes of different
wettability. Various proportions of nonwetting regions, such
as 33%, 50% and 67% are used in the simulation, which
corresponds to a nonwetting/wetting ratio of 1:2, 1:1 and
2:1, respectively. The topographically textured surfaces are
illustrated in Figure 1(b). The surfaces are regularly corru-
gated and three kinds of groove shapes are used, which are
rectangular, positive zigzag and negative zigzag. We may
expect that inhomogeneous surfaces or materials would
strengthen the interfacial effect [39]. Our study is focusing
on the effect of molecular-scale surface corrugation on the
slip behavior and the wall configuration of larger scale is
not in the scope of our present research [16]. For fluid flows
along the x axis, positive/negative means that the exterior
normal of the inclined plane of each groove has a posi-
tive/negative component. The grooved configuration is ar-
ranged periodically and every period takes up the same
length in the x-direction. Furthermore, the depth of the rec-
tangular grooves is equal to the maximum depth of the zig-

(a) 33% (b) Positive zigzag

Negative zigzag

67% Rectangular

L

z
4

Figure 1 (Color online) Geometries of textured surfaces from front view.
(a) Chemically textured surfaces patterned by stripes of different wettabili-
ties. (b) Topographically textured surfaces with positive zigzag, negative
zigzag and rectangular shapes from the top to bottom, respectively. Snap-
shots of the systems are made in VMD [40].
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zag ones, which maintain the same groove volume in order
to examine the effects of groove shapes on the boundary
slip.

The extended simple point charge (SPC/E) model [41] is
used to describe the pairwise interactions between any two
water molecules. The potential function of the SPC/E model
includes two terms, a Lennard-Jones (LJ) term and a Cou-
lombic term. The long-range Coulombic interaction is cal-
culated using a particle-particle particle-mesh (PPPM) [42]
solver with an accuracy of 10™. The interactions between
the water molecules and solid walls are described by the LJ

interactions:
12 6
E(r):4c{(£j —(Ej } M
r r

where ¢ and o are the energy and length scales respectively,
while 7 is the distance of separation. Surfaces with different
wettabilities are achieved by changing the solid-liquid in-
teraction parameter & For liquid-liquid interactions, & =
0.1554 kcal/mol and o= 3.166 A. For solid-liquid interac-
tions, &; is set to be 0.4 or 0.1 kcal/mol in the chemically
textured surfaces for the wetting or nonwetting surfaces,
respectively. oj; = 3.0 A. The cutoff distance for these LJ
interactions is set to be 10.0 A.

All simulations were performed using the LAMMPS
package [43]. Periodic boundary conditions were adopted in
x- and y-directions, with those of non-periodic in the z-
direction. During the calculation of long-range Coulombic
interactions, the system is treated to be periodic in z-direc-
tion by inserting empty volume between atom slabs and
turning off the slab-slab interactions [44]. The size of the
simulation box is 10.2 nm x 2.04 nm x 16.0 nm. The simu-
lations were carried out in constant number of molecules,
volume, and temperature (NVT) ensemble. The equations of
motion were solved using the velocity-Verlet algorithm
with a time step of 1.0 fs. After an equilibration run of 100
ps, an additional acceleration along x direction is imposed
on every water molecule during the subsequent simulation
time to simulate a force driven Poiseuille flow. The shear
stress is 7 = pal./2, where p is the liquid density and L, is
the distance between two stationary walls. A standard 7 is
defined as = 20.92 MPa. In our MD simulations, if the
applied shear stress is larger than a certain threshold, the
liquid flow would be in accelerated motion far away from
equilibrium, which results in an unphysical slip behavior.
When the fully-developed flow achieved the steady state,
simulation data were gathered and analyzed to obtain the
density and velocity profiles. The simulation box was di-
vided into many slices along the z-direction with Az = 0.2 A
in thickness. The velocity and density in each slice were
calculated and averaged over a time duration of 1.0 ns. The
two-dimensional velocity and density profiles were obtained
by meshing the simulation box into a square grid (0.2 A x
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0.2 A) in the xz plane.

During the simulations, the system temperature was kept
at 300 K using the Nose-Hoover thermostat. It should be
noted that the thermostat was applied only along the y- and
z-directions to avoid a bias in the flow direction. The wall
atoms are fixed rigidly at the lattice sites, thus the interac-
tions among solid atoms can be neglected. It has been ar-
gued for a long time that the choice of the thermostating
method affects the results [45-50]. After substantial simula-
tions using different thermostats, we found that our main
conclusion on the nonlinear increase of the slip velocity
with the applied shear stress holds valid. We tried flexible
walls with solid atoms tethered to the lattice site via a har-
monic spring where only wall atoms are subjected to the
thermostat. Our MD results also indicate that the numerical
values of the slip velocity are dependent on the spring con-
stant we set in the simulations [16]. Besides, this thermo-
stating method may result in an improper viscous heating
accumulation in the fluid [50]. The underlying relationships
among the flow behavior, the chosen spring constant and
the heat conduction at the interface deserves further inves-
tigations, which are beyond the scope of the present work.

3 Results and discussion

3.1 Extended MKT slip model for textured surfaces

The liquid molecules in the vicinity of atomically smooth
surface are supposed to be located in a periodically sym-
metrical potential well with a depth of E,. Thus, a liquid
molecule has to go through the potential well when flowing
past a solid surface. Once the shear stress is imposed, the
potential energy surface inclined according. The frequency
that the molecule hops forward and backward is no longer
the same, which results in a net frequency along the direc-
tion of external force. The detailed derivation process and
introduction about the MKT theory can be found in ref. [7].
The slip velocity is proportional to the exponentiation of the
potential well depth E, and the hyperbolic sine of the exert-
ed shear stress 7 on the liquid molecules, which has a form

of
V.=V, exp _ Lo\ ginn| 254 , )
ke, T 2k,T

B

where Vy=2AkgT/h, kg is the Boltzmann constant, T is the
absolute temperature, and % is the Planck constant. S is the
effective area per molecule along the flowing direction. A is
the equilibrium separation between liquid molecules. The
above-mentioned velocity from Eyring’s MKT has also
been adopted to explain the mechanism of precursor chain’s
propagation in a hydrophilic interior corner [51].

The number of water molecules in the first fluid layer (V)
next to the solid surface can be calculated during the simu-
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lations, with which we can get the effective area per mole-

cule S. A then can be obtained using 4= Js. Among all
the parameters, the applied shear stress and the depth of
potential well are two dominant factors for determining the
slip velocity. The potential well depth is determined by the
solid-liquid interaction. For the chemically textured surfaces,
different wettability is achieved by adopting different sol-
id-liquid interaction parameters. Consequently, the depth of
the potential well would change periodically, as shown in
Figure 2(a). For the topographically textured surfaces, dif-
ferent groove shapes also exert influence on the solid-liquid
interactions. The closer the water molecules to the solid
surface, the larger are the solid-liquid interactions. When
the water molecules filled up the empty grooves in the
Wenzel state, the water molecules in the grooves can be
regarded as a whole which exert liquid-liquid interactions
on the water molecules in the first layer. However, the lig-
uid-liquid interaction is smaller compared with the sol-
id-liquid interaction in the wetting case. Consequently, for
the water molecules in the first layer just above the grooves,
the global shape of potential well depth is an average of
these liquid-liquid and solid-liquid interactions, which can
also be seen in Figure 2(b)-(d). What makes the difference
is that the specific value of the potential well depth and the
depth gap between the adjacent potential well is smaller
compared with that in the Cassie state. For the rectangular,
positive zigzag and negative zigzag grooves, the corre-
sponding potential landscapes along the flow direction are
illustrated in Figure 2(b)—(d). The shape of the potential
well is more complicated than the shape of the corrugations.
However, the potential landscape generally reflects the
shape of the corrugations.

In the Frenkel-Eyring MKT model, E, denotes the acti-
vation energy for the molecular displacements [32,33].
When considering the boundary slip on the textured surfac-
es, we found it is the crucial factor to cover the complex of
modeling solid surfaces. The change of the potential well
depth implies that the velocity required for a liquid mole-
cule to pass over each energy barrier is different. The slip
velocity should be the averaged result of these diverse ve-
locities over the entire potential well. A concept of equiva-
lent depth of potential well is needed to describe the peri-
odical change of the potential well, which is denoted by E..
E. should be determined by averaging local intermolecular
interactions according to the effect of the surface wettability
and geometry. If we replace Eyin eq. (2) with this E., the
classical MKT model thus can be used to give a description
of the boundary slip on the textured surfaces. We assume
that the simplification on E, gives a concise and reasonable
description of the slip behavior on the textured surfaces, in
spite of some missing details. Compared with 4 or S, a
small change in E. would lead to a significantly larger vari-
ation of the slip velocity, especially for wetting surfaces,
which means that E. is the dominant factor in the slip veloc-
ity expression. Thus in the following discussions, we leave
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Figure 2 (Color online) Schematic of the potential well for chemically
(a) and topographically (b)—(d) textured surfaces (solid lines). The water
molecule is denoted by circles. The dash lines represent the equivalent
potential well. The depth is represented by E. The black arrow indicates
the direction that the water molecule jumps from one equilibrium position
to the next. The schematic depiction doesn’t refer to the actual potential
well depth in different configurations. The potential well depth values in
the wetting and nonwetting cases were discussed specifically afterwards.

A and S as constant. This simplification can make the slip
velocity expression more concise. Moreover, since the vari-
ation of the effective area per particle has been taken into
account in the simulations, this effect is included into E.,
which is obtained by fitting our MD results.

3.2 Slip behavior on chemically patterned surfaces

Here let £ denote the proportion of nonwetting regions in
the total length of the chemically patterned surface. S =
33.3%, 50%, 67.7% were used in the MD simulations. Dur-
ing the simulation, various driving forces were imposed on
the liquid confined between the two stationary solid walls.
Figure 3 shows the density profile in the vicinity of the
chemically textured surfaces with a shear stress of 1.257. In
our simulations, if we take p = 10° kg/m3, v =500 m/s, d =
10 m, 7= 107 Pa s, the Reynolds number Re = pvd/7 can
be estimated to be less than 10, which indicates that the
flows is still in the laminar regimes. As concerns the flow
near a solid wall, the fluid in the vicinity of the solid show
different properties from their bulk counterparts [52-55]. In
our work, the density stratification can be observed along
the vertical (z) direction. In the horizontal (x) direction, the
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3 Nonwetting

Density
* (glcmd)

Figure 3 Density profiles of liquid on the chemically textured surfaces
with an acceleration of 1.25%. The black dash lines divide the wetting and
nonwetting regions. The color stripes under the density profiles correspond
to the wetting (yellow) and nonwetting (mauve) regions in the chemically
textured surfaces. The density profiles of S = 33.3% (a), 50% (b), 67.7%
(c) are illustrated from the top to the bottom. The advancing trend of den-
sity is indicated in the red box.

periodical changes of the density correspond to the varia-
tions of the surface wettability. Stronger layering structures
appear in the vicinity of the wetting region due to a larger
solid-liquid interaction. The dash lines in Figure 3 divide
the flow field according to the width of the wetting and
nonwetting regions. On the first liquid layer adsorbed near
the wetting region, one can find that this liquid layer exhib-
its obvious advancing trend into the nonwetting region
along the flow direction with the increasing of £, which is
denoted by the red box in Figure 3. With the increasing
proportion of the nonwetting regions, it is getting more dif-
ficult for the solid surface to adsorb and immobilize the
water molecules. As a result, the advancing trend of the
maximum density due to the inertia effect becomes more
obvious.

To illustrate the effect of the nonwetting and wetting
surfaces modeled in the simulations, we studied the spread-
ing of a water nanodroplet on these surfaces with the same
liquid-solid interaction parameters. The contact angle of the
nanodroplet is 135° and 61° for the nonwetting and wetting
cases, respectively. It should be noted that the solid-liquid
interactions are closely connected to the contact angle, es-
pecially for the homogeneous surfaces. A quasi-universal
relationship between the slip length and the static contact
angle was established [20]; while another literature indi-
cates that contact angles larger than 90° do not necessarily
to attain hydrodynamic slip [26]. Instead, it was demon-
strated that slip is determined by the interfacial water mol-
ecule distribution and the strength of liquid-solid interac-
tions [26]. In our work, the contact angle was provided only
to give an intuitive impression of the different LJ parame-
ters used in the MD simulations.

The MD results of the slip velocity as a function of shear

stress 7 are plotted in Figure 4. Despite the slip velocity is
on the order of 100 m/s, the laminar flow can still be guar-
anteed. In addition, the thermal velocity in MD simulations
under 300 K is usually on the order of 100 m/s. Thus large
flow/slip velocities are feasible so that the fluid velocity
profile could be retrieved with reasonable accuracy with
minimal fluctuations in the velocity profile due to thermal
noise [56]. One can find that, under the same shear stress,
the slip velocity is smaller for a smaller proportion of the
nonwetting regions. This is because the wetting regions
correspond to stronger liquid-solid interactions. In Figure 4,
the MD results of the slip velocity can be fitted with the
extended MKT slip model for the textured surfaces. Differ-
ent values of the equivalent depth of potential well are used
for different S. The MKT slip model is in good agreement
with the MD results.

To simplify the description of E., define E; = kgT. Con-
sider two limiting cases with = 0% and f = 100%. The
MKT fitting results show that the depth of potential well is
E, = 8.5E; and E, = 3.3E; respectively for the wetting and
nonwetting cases. For the chemically textured surfaces,
larger slip velocity corresponds to smaller equivalent depth
of the potential well, which suggests that the equivalent
depth of the potential well decreases with increasing /.
Based on the concept of the equivalent depth of potential
well and comparison of its values in different situations, one
finds that E, can be approximately calculated as:

E, = pE,+(1-p)E,, ?3)

For the equivalent depth of the potential well of the
chemically textured surfaces with different S, E, is a linear
combination of E,, and E,. MD simulations were conducted
to verify the theoretical hypothesis expressed in eq. (3). The
MKT fitted results of E., the theoretical value acquired ac-

600 . . ' ‘ | | | -
m =33%
Nonwetting Wetting ® B=50%
o A B=67% |
Q)
E
b ,"
‘s 3001 —
kel "
; e
; ,
g . // <
» .
150 . _
o T KX
//’6’, i}
g n
0 i S 4- 8 . . |
00 0.5 1.0 ig o

Shear stress 1,

Figure 4 MD results and MKT fitting of slip velocity on chemically
patterned surfaces. The slip velocity increases with the increasing propor-
tions of the nonwetting region. The MKT analysis turns out to correspond
with the MD results. The two insets display the density profiles of a water
nanodroplet wetting on the nonwetting and wetting surfaces and the contact
angle is 135° and 61°, respectively.
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cording to eq. (3) and relative error are summarized in Ta-
ble 1. The equivalent depth of the potential well can be used
to describe the boundary slip on the chemically textured
surfaces and its value can be estimated as the linear combi-
nation of E, and E,,.

For striped surface with large slip, an “inverse law” is
proposed at heterogeneous surfaces with alternative stripes
of infinite-slip and partial-slip boundary conditions, which

is written as 1/B,=¢/b, +(1—¢)/b, [57]. This quantitative

relation is acquired through averaging of the friction. We
think that eq. (3) comes out with a similar idea with the
“inverse law”, using the average of the activation energy
instead of that of the friction.

3.3 Slip behavior on topographically textured surfaces

For the topographically textured surfaces, both the wetting
and nonwetting cases were investigated. The solid-liquid
interactions for the wetting and nonwetting cases in the
topographically textured surfaces are chosen as 0.3 kcal/mol
and 0.2 kcal/mol, respectively. The reason to do this ad-
justment is that the distribution of the water molecules is
closely related to the solid-liquid interactions owing to the
grooves. If g is set to be 0.1 kcal/mol in the topographically
textured surfaces, no water molecules will enter the grooves
and a large slip velocity will be rendered at a small shear
stress. Moreover, we know from our simulation results that
once the solid-liquid interaction parameter exceeds 0.3
kcal/mol, all the grooves are filled up completely. So we
have made a justifiable adjustment for the solid-liquid in-
teractions. The MD simulations on the boundary slip were
first performed for the nonwetting case. The MD results of
the slip velocity as a function of shear stress 7 are plotted in
Figure 5. The slip velocity as calculated from the extended
MKT slip model for the textured surfaces shows that the
equivalent depth of potential well for the rectangular, posi-
tive zigzag and negative zigzag grooves are 4.0E;, 6.8E; and
6.2E;, respectively. The fitting based on the MKT slip mod-
el is in accordance with the MD results. These results sug-
gest that the surface nanostructures have a significant influ-
ence on the boundary slip behavior.

Before applying shear stress, water molecules are con-
fined between the textured surfaces with empty grooves.
Then the system achieves the steady state under the action
of the shear stress. For the model with rectangular grooves
at 7= 417 and 57, the shear stress is so large that the liquid
flow cannot maintain a steady state. In other words, the flow
response is no longer linear. The MD snapshots are shown

Table 1 Comparisons between the MKT fitted E. and the theoretical
value acquired from eq. (3)

p MKT fitted E. E. from eq. (3) Error (%)
33% 7.0E; 6.8 E, 2.8
50% 6.0 E, 59E, 1.7
67% 5.0E, 5.0E, 0
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in the insets of Figure 5. The grooves of the positive zigzag
structure are completely filled with water molecules, which
is known as the Wenzel state [58]. The Cassie state [59]
appears in the rectangular grooves, as the liquid molecules
do not enter the grooves. While for the negative zigzag
structure, the grooves are partly filled up, corresponding to
an intermediate state between the Cassie and Wenzel states.
As discussed in the previous discussion, the farther are the
water molecules from the solid surfaces, the smaller is the
solid-liquid interaction. Different liquid distributions in the
grooves result in different interactions between the water
molecules and the textured surface, which leads to the dif-
ference of the slip velocities even for the same shear stress.
Moreover, comparing the geometry of the two kinds of zig-
zag surfaces, the vertical plane on the right side of each
groove in the positive zigzag structure introduces the ob-
struction effect on the motion of water molecules, while the
vertical plane on the left side of each groove in negative
zigzag structure has limited influence on the liquid flow.
Based on the MD simulation results, one can propose that
there are two mechanisms for the slip behavior on the topo-
graphically textured surfaces, which are the liquid distribu-
tion due to surface wettability and the obstruction effect of
nanostructures. For the same shear stress, the slip velocity
on the positive zigzag surface is smaller than that on the
negative zigzag surface. The slip velocity on the rectangular
surface is larger due to the weak liquid-solid interactions
without any obstruction effect on the liquid flow.

Figure 6 shows the MD simulations on the topograph-
ically textured surfaces with wetting surface. Based on the
extended MKT slip model, the equivalent depth of the po-
tential well is found to be 7.0E,, 7.0E, and 6.8E; for the rec-
tangular, positive zigzag and negative zigzag structures,
respectively. One can also find that for the shear stress
smaller than 41, the slip velocities are almost the same for

T T T T T
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400 .//" ® Rectangular
/,/ ® Positive zigzag
/ Negative zigzag

300 L Ne ! B

Q) Positive Negative 4
£ zigzag zigzag »
> s FENR //
g 3 |
S 200t _
> /
2 ("]
5 .
100 | e
I g
///‘. - _"/,,
“a RS PEBL Eliiany
B -‘.‘T‘"'_.- I " 1 L 1
0
0 1 2 3 4 5

Shear stress 1,

Figure 5 (Color online) MD results of the slip velocity as a function of
shear stress in the nonwetting case. The velocities were fitted with eq. (2).
The insets show the MD snapshots of three configurations. The fitted ve-
locity curve of the rectangular model was denoted by the dash dot lines,
while the slip velocities of the positive zigzag model and the negative
zigzag model were fitted using dash line and dot line, respectively.
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Figure 6 MD results of the slip velocity as a function of shear stress for
the wetting surfaces. The velocities were fitted with the extended MKT slip
model. The insets show the MD snapshots of the three configurations, in
which the grooves were fully filled with water molecules. The fitted veloc-
ity curve of the negative zigzag model was denoted by the dot lines. The
slip velocities of the positive zigzag model and the rectangular model were
almost the same and were fitted using the same dash line.

the rectangular, positive zigzag and negative zigzag surfaces.
For larger shear stress, the slip velocity on the negative zig-
zag surface is larger than that on the other two kinds of tex-
tured surfaces. Due to the large solid-liquid interactions, all
the grooves are filled up with water molecules in these wet-
ting surfaces, which can be observed in the insets of Figure
6. Since the water molecules fully filled the grooves, the
obstruction effect of nanostructure on the liquid flow should
be taken into account for higher shear stress.

Comparing the data presented in Figures 5 and 6 (only
the LJ parameter ¢ which characterizes the solid-liquid in-
teractions was changed), we obtain some interesting obser-
vations. (1) Despite wetting or nonwetting surfaces, the
equivalent depth of potential well for positive zigzag sur-
face does not change too much. This indicates that for the

Sl e |

Flow direction

Negative zigzag

Negative zigzag
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positive zigzag corrugations, the obstruction effect of
nanostructures dominates the boundary slip behaviors, ra-
ther than the surface wettability. (2) The slip velocity plots
for rectangular and positive zigzag geometries collapse into
one in Figure 6. According to the variation of E, in our ex-
tended MKT slip model, we should consider the effect of
some concrete aspects related to the textured surfaces, such
as the interfacial water molecule distribution and the
strength of water-solid interactions. As water-solid interac-
tions increases, the water molecules start to fill the rectan-
gular grooves, which means that the distribution of water
molecules at contact with the solid is changed. The obstruc-
tion effect of nanostructures on the liquid flow should be
taken into account for the cases of rectangular grooves
where the corresponding slip velocity was suppressed sig-
nificantly. Consequently, the collapse happens for lig-
uid-solid interactions beyond a critical threshold for wet-
ting.

Based on the above analysis, the distribution of water
molecules at contact with the solid, which is affected by the
water-solid interactions, is the origin of the aforementioned
obstruction effect of nanostructures. The vertical plane on
the right side of each groove in the rectangular and positive
zigzag structures blocks on the liquid flow under shear. One
can infer that the obstruction effect is more obvious for
larger shear stress. For the negative zigzag structure, the
vertical plane on the left side of the groove has no signifi-
cant influence on the liquid flow in the x-direction. To pro-
vide direct insight into the second mechanism about the
obstruction effect, the velocity and density profiles in the
vicinity of the zigzag textured surfaces are shown in Figure
7. The red arrows at the bottom indicate the flow direction.
As one can find from the velocity profiles illustrated in Fig-
ures 7(a) and (b), the velocity contour titles down in the
negative zigzag groove, while it travels up in the positive
zigzag groove. In order to demonstrate the velocity varia-

Positive zigzag

i (g/cmd)

Positive zigzag

Figure 7 Velocity and density profiles in the vicinity of the zigzag textured surfaces for the wetting surface with the shear stress of 57. The red arrows at
the bottom indicate the flow direction. The selected points on the dotted line in (a) and (b) can clearly demonstrate the velocity variation due to the obstruc-

tion effect of the zigzag grooves.
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tion in each groove, we have added a dotted line for fixed z
in Figures 7(a) and (b), on which three points are selected,
respectively. The flow velocity increases along the flow
direction in a single unit of the negative zigzag groove. On
the contrary, the velocity near the positive zigzag surface
decreases due to the blocking by the vertical plane of the
groove. From the density profiles shown in Figures 7(c) and
(d), one can find that the liquid density is large near the ver-
tical plane of the positive zigzag groove. This provides the
evidence of the obstruction effect of the positive zigzag
grooves, which corresponds to the difference of the slip
velocities for the topographically textured surfaces shown in
Figure 6.

4 Conclusion

In summary, we proposed a theoretical model for the
boundary slip on textured surfaces based on the Frenkel-
Eyring molecular kinetic theory. The equivalent depth of
potential well was introduced to characterize the effect of
surface wettability and nano-corrugations. This extended
MKT slip model can predict the nonlinear increase of the
slip velocity under high shear stress on textured surface.
MD simulations were carried out to study the boundary slip
on both chemically and topographically textured surfaces,
and the results were in good agreement with the MKT slip
model. For the chemically textured surfaces, the equivalent
depth of potential well is a linear combination of the poten-
tial well depths for the nonwetting and wetting smooth sur-
faces. According to an intuitive comparison of E. due to
different corrugations, we found that the liquid distribution
near the grooves and the obstruction effect of the nanostru-
ctures are two possible mechanisms that influence the topo-
graphically textured surface on the boundary slip at the mo-
lecular level. With the applications of the extended MKT
slip model, this work provides a microscopic interpretation
about the influence of the surface corrugation on the inter-
facial flow, and extends our understanding of the boundary
slip mechanism on textured surfaces.
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