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a b s t r a c t 

The local slip behavior and flow fields near the gas-liquid interface (GLI) of a Newtonian liquid flowing 

past a superhydrophobic surface with periodic rectangular grooves are investigated using molecular dy- 

namics (MD) simulations. The saturated vapor of the liquid fills the groove to form the GLI. A flat GLI 

is introduced by carefully adjusting the channel height to make the liquid bulk pressure equal to the 

coexistence pressure. The setup with the flat GLI allows for an accurate determination of the local slip 

velocity, shear rate and slip length. We find that the local slip velocity and shear rate at the GLI are well 

described by the elliptical and exponential functions, respectively. By directly computing the local slip 

length from the local flow fields, we propose a novel distribution function for the slip length along the 

GLI for both transverse and longitudinal flows. Moreover, we demonstrate that the relationship between 

the local and the effective slip lengths in the transverse and longitudinal cases deviates from the contin- 

uum assumptions as the groove width is reduced to the nanoscale dimensions. The functional form for 

the local slip length can be potentially used as a boundary condition in the continuum analysis without 

considering the explicitly gas flow in the grooves of superhydrophobic surfaces. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Recent progress in design of superhydrophobic surfaces (SHS)

hat are characterized by low surface energy and micro- and

anoscale roughness is important for various applications, includ-

ng self-cleaning, enhanced mixing, amplified diffusion-osmotic

ow and especially drag reduction ( Rothstein, 2010 ). A number of

tudies have demonstrated that SHS lead to a significant effec-

ive slip length in laminar flow ( Ou and Rothstein, 2005; Gogte

t al., 2005; Choi and Kim, 2006; Byun et al., 2008; Feuillebois

t al., 2009; Crowdy, 2011; Busse et al., 2013 ). In appropriate con-

itions, e.g., the channel height is comparable to the groove depth

n laminar inner channel flows, the effective slip length can pro-

uce significant drag reduction ( Song et al., 2014 ). For turbulent

ows, the drag reduction was also widely observed because of

rom the slip length on superhydrophobic surface ( Martell et al.,

010; Nouri et al., 2013; Park et al., 2014; Srinivasan et al., 2015;

hang et al., 2015; Im and Lee, 2017; Costantini et al., 2018; Gose

t al., 2018; Rastegari and Akhavan, 2019 ). Moreover, the super-

ydrophobic effect is present for surfaces with textures on mul-
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iple length scales, thus extending the range of applications for

rag reduction from micro/nano fluidic devices to marine vessels.

he key idea behind drag reduction of SHS is the presence of the

as phase trapped at the micro/nano scale structures resulting in

nhanced slippage at the gas-liquid interface (GLI). Therefore, in

rder to predict accurately the fine features of liquid flows over

LI, the explicit knowledge of the local slip condition at SHS is

equired. 

The problem of liquid slip at a solid surface dates back to the

imes of Navier in 1823. He proposed that the slip velocity, v s , is

roportional to the shear rate at the solid-liquid interface, i.e., v s =
 s ˙ γ , where ˙ γ is the shear rate and L s is the slip length. In 1860,

elmholtz related the magnitude of slip length to be on the order

f the mean free path. During the past decades, a number of exper-

mental ( Vinogradova, 1999; Bonaccurso et al., 2002; Granick et al.,

0 03; Leger, 20 03; Spikes and Granick, 2003; Vinogradova and

akubov, 2006; Ho et al., 2011; Vinogradova and Belyaev, 2011 ) and

imulation studies ( Thompson and Troian, 1997; Barrat and Boc-

uet, 1999; Lichter et al., 20 04; Priezjev and Troian, 20 04; Priezjev,

007; Huang et al., 2008; Liu and Li, 2010; Bao et al., 2017; Hu

t al., 2017 ) have demonstrated that the slip length can be on the

rder of tens nanometers for liquids flowing over smooth nonwet-

ing surfaces, and the μm scale slip lengths cannot be achieved

ithout gas or air trapped at the surface. 

https://doi.org/10.1016/j.ijmultiphaseflow.2020.103258
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Fig. 1. The front view of the simulation model. H and L x are the height and length 

of the channel, respectively. D and W are the depth and width of the groove, re- 

spectively. 
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When pockets of gas get trapped at the roughness of a hy-

drophobic surface, it usually acquires superhydrophobic properties.

It should be noted that the micro/nano structures of SHS observed

in nature are typically of irregular geometrical shape. To account

for the influence of trapped gas on liquid slip in a more system-

atic way, man-made SHS with regularly arranged micro/nano struc-

tures are commonly manufactured and optimized for the enhanced

slip properties ( Ou and Rothstein, 2005; Choi and Kim, 2006; Byun

et al., 2008; Crowdy, 2011 ). The indirect measurements of the ef-

fective slip length (ESL) based on pressure drop and flow rate,

or direct measurements, using micro particle image velocimetry,

demonstrated that the ESL on SHS can range from 1 μm ~ 200 μm

depending on the GLI fraction and the shape of surface texture

( Rothstein, 2010 ). 

The concept of superhydrophobicity can also be extended to

the nanoscale flows. For example, Cottin-Bizonne et al. (2003) in-

vestigated the slip behavior of a simple liquid on a solid surface

with GLI width of about 6 atomic diameters using MD simula-

tions. Their results indicated that the presence of GLI at nanos-

tructured solid surface leads to ESL two times larger than the in-

trinsic slip length at the flat surface of the same material. Later,

Tretyakov and Mueller (2012) systematically investigated the ESL

and friction coefficient for different widths of rectangular ridges

and grooves at the solid surface. Surprisingly, it was found that

the shape of nanostructures had no influence on the slip length,

although similar groove widths were considered for comparison

with the work by Cottin-Bizonne et al. (2003) . They attributed this

result to the high interfacial friction resulting from the edges of

the grooves ( Tretyakov and Mueller, 2012 ). Furthermore, Yong and

Zhang (2013) investigated the influence of nanobubble meniscus

curvature on the ESL. They found that with increasing protrusion

angles of a nanobubble, the ESL first increases and then decreases,

and the ESL reaches its maximum at the protrusion angle of about

10 ◦, which agrees with the results of Lattice Boltzmann simulations

( Hyväluoma and Harting, 2008 ) and continuum fluid mechanics

simulations ( Steinberger et al., 2007 ). 

Although the effective slip was repeatedly observed in experi-

ments and simulations, the measurements of the local slip length

(LSL) at GLI only recently attracted increased attention. In the anal-

ysis of the local slip, three distinct conjectures emerged; namely,

(a) there is no shear stress at GLI, i.e., the LSL at GLI is infinite,

which corresponds to the perfect slip at GLI ( Lauga and Stone,

2003; Ou and Rothstein, 2005; Gogte et al., 2005; Choi and Kim,

2006 ), (b) the ESL is finite and constant at GLI ( Belyaev and Vino-

gradova, 2010; Asmolov and Vinogradova, 2012; Zhou et al., 2013 ),

(c) the LSL is finite and anisotropically distributed along the GLI

( Schönecker and Hardt, 2013; Schnecker et al., 2014 ). All three as-

sumptions regarding the LSL are widely used in interpretation of

the experimental results ( Ou and Rothstein, 2005; Gogte et al.,

2005; Choi and Kim, 2006; Byun et al., 2008 ) and theoretical

analysis ( Lauga and Stone, 2003; Hyväluoma and Harting, 2008;

Belyaev and Vinogradova, 2010; Schnecker et al., 2014 ). Recenty,

the anisotropic distribution of LSL at GLI was observed in experi-

ments ( Schäffel et al., 2016 ) and MD simulations ( Hu et al., 2018 ).

By neglecting the influence of edges and assuming an explicit LSL

distribution along the GLI, Schnecker et al. (2014) derived analyt-

ical expressions for the flow field as well as for the ESL in shear

flow over a surface with periodic rectangular grooves. Although

the analytical LSL deviated from the numerical values, Schönecker

et al. showed that the assumption of the explicit LSL distribution is

sufficiently accurate to reproduce flow fields that agree well with

the results of numerical simulations. However, for nanoscale flows,

the groove edge can significantly influence the LSL and flow field

( Tretyakov and Mueller, 2012 ). Up to now, the local slip condi-

tions and corresponding flow fields over nanoscale grooves were

not thoroughly investigated. It should be emphasized that in mi-
ro/nano scale flows, the local flow characteristics are important

or predicting flows in micro/nano fluidic devices. For example,

ubov et al. (2017) have shown that solid particles can be sorted

n a transverse flow through grooved microchannels. In particular,

he position-dependent velocity of the transverse flow causes neu-

rally buoyant particles to be displaced in the lateral direction, de-

ending on their size and initial location, thus, leading to particle

orting ( Dubov et al., 2017 ). 

In this work, the LSL and flow field at SHS patterned with peri-

dic rectangular grooves are systematically studied using MD sim-

lations. A particular emphasis is placed on imposing a flat GLI by

arefully adjusting the height of channel to make the bulk pres-

ure equal to the coexistence pressure. We find that the slip veloc-

ty and shear rate at the GLI are well described by elliptical and

xponential functions, respectively. With increasing groove width,

wo regimes of the local slip length distribution along the GLI are

dentified. At large GLI widths, both the groove edge and local hy-

rodynamics contribute to the interfacial friction, and the data for

he normalized local slip length collapse onto a single curve for

ifferent groove widths. At small GLI widths, the normalized local

lip length deviates from the master curve. Based on the simula-

ion results, we propose an explicit function to describe the local

lip boundary conditions for transverse and longitudinal flows. The

roposed equation for LSL can be potentially used in the contin-

um analysis to model interfacial flows and avoid the necessity of

onsidering gas flow inside surface protrusions. 

. Details of molecular dynamics simulations 

In our setup, a Newtonian liquid is confined between two solid

alls (see Fig. 1 ). The interaction between liquid atoms is modeled

y the Lennard-Jones potential (LJ) 

 LJ = 4 ε 

[(
σ

r 

)12 

−
(
σ

r 

)6 
]
, (1)

here r is the distance between two atoms, and ε and σ are

he characteristic energy and length of the LJ potential. The liquid
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Fig. 2. Pressure of the liquid in the bulk region as a function of the channel height. 

The dashed line indicates the coexistence pressure. The widths of the groove, W , 

are listed in the legend. 
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onsists of 73728 atoms. The wall atoms also interact with liquid

toms through the LJ potential. The interaction potential is trun-

ated at the cutoff radius r c = 2 . 5 σ . The characteristic length for

he interaction between liquid and wall atoms is σWL = 1 . 0 σ . The

haracteristic energy, εWL , is used to control the degree of wetta-

ility, e.g., ε WL = 1 . 0 ε and ε WL = 0 . 01 ε correspond to wetting and

onwetting substrates, respectively ( Sendner et al., 2009 ). 

The lower solid wall is constructed from the face-centred cu-

ic (FCC) crystal using the lattice constant δ = 1 . 2 σ with the

100) face in contact with the liquid. The density of the wall is

 . 31 σ−3 . The upper wall consists of 2304 atoms arranged as a sin-

le layer, which bounds the liquid and induces shear flow. A rect-

ngular groove is carved inside the lower wall to make the super-

ydrophobic surface. The geometrical dimensions of the simulation

omain are depicted in Fig. 1 . The dimension of the domain in

he z -direction is L z = 28 . 8 σ and in the x -direction is L x = 57 . 6 σ .

he geometrical characteristics of the groove are denoted by the

idth, W , and depth, D . When W is equal to 7.2 σ , 14.4 σ , 21.6 σ ,

8.8 σ , 36.0 σ and 43.2 σ , the number of atoms in the lower wall

s 120,024, 105,336, 90,648, 75,960, 62,496, 46,584, respectively. At

he lower wall, the sum of the groove width and the solid part

long the x -direction is kept the same, i.e., the solid wall fraction

ecreases as the GLI fraction increases. The interaction energy be-

ween atoms of the upper wall and liquid atoms is ε up 
WL 

= 1 . 0 ε. The

toms in the topmost layer of the lower wall also interact with

iquid atoms with the energy, ε down 
WL 

= 1 . 0 ε. The origin of the y -

xis is set at the position of the topmost layer of the lower wall

see Fig. 1 ). The rest of atoms of the lower wall interact with liq-

id atoms with the energy of 0.01 ε, which prevents the liquid

rom wetting the inner part of the groove, thus ensuring a stable

LI. The strength of the interaction between fluid and the upper

all, as well as the top most layer of lower wall is set to pro-

uce no-slip boundary condition, which corresponds to the com-

only assumption of superhydrophobic surface in previous theo-

etical works ( Philip, 1972; Lauga and Stone, 2003; Schönecker and

ardt, 2013; Schäffel et al., 2016 ). The smaller strength of ε up 
WL 

or

 

down 
WL 

is able to cause intrinsic slip at the fluid-wall interface. Ac-

ording to the previous works, the intrinsic slip length of order

0 σ ( Priezjev and Troian, 2004; Priezjev, 2007; Bao et al., 2017;

u et al., 2018 ) is comparable to the local slip length at the GLI. In

ur work, we focus on the situation where the no-slip boundary

ondition is valid on the fluid-wall interface, and leave the influ-

nce of intrinsic slip on the local slip at GLI in the future work.

here is no interaction between wall atoms. The groove is filled by

he liquid vapor to form the GLI. The position of the upper wall

s used to control the bulk pressure of the liquid, thus adjusting

he shape of the GLI to be flat (described in detail below). The up-

er wall is moving with a constant velocity, U = 1 . 0 σ/τ in the + x

nd + z directions to generate the transverse and longitudinal shear

ows. The maximum shear rate in the bulk of the liquid phase is

˙ ≈ 0 . 017 τ−1 . This value is small enough to ensure the flow re-

ains laminar ( Priezjev, 2007 ). The lower wall is kept stationary.

eriodic boundary conditions are applied along both the x - and z -

irections. 

The simulations are carried out using the open-source MD code,

AMMPS ( Plimpton, 1995 ), with timestep, �t = 0 . 002 τ, where τ =
 

mσ 2 /ε , and m is the mass of liquid atoms. The Nosé-Hoover

hermostat with the friction coefficient γ = 0 . 2 is used to keep the

emperature of liquid at T = 0 . 8 ε/k B . For both type of flow, the

hermostat is only applied in the directions perpendicular to the

hear plane. The typical initial equilibration of the system was per-

ormed during the time interval of 2 × 10 3 τ . After equilibration,

he flow reaches steady state after an additional time interval of

 × 10 3 τ . Then, the entire simulation box is divided into bins par-

llel to the z -direction with �x = 1 . 0 σ and �y = 1 . 0 σ to compute
he density and velocity fields. A typical time interval for averaging

ensity and velocity fields is about 1.2 × 10 4 τ . 

. Results and discussions 

.1. Bulk pressure 

In the previous theoretical and experimental studies ( Lauga and

tone, 2003; Ou and Rothstein, 2005; Gogte et al., 2005; Choi and

im, 2006; Byun et al., 2008; Belyaev and Vinogradova, 2010; As-

olov and Vinogradova, 2012; Schönecker and Hardt, 2013 ), the

hape of GLI was assumed flat and parallel to the solid-liquid in-

erface. In the present work, the GLI is made flat by controlling the

ulk pressure of the liquid phase. Since the gas phase is the liquid

apor, the GLI is expected to be flat and parallel to the solid wall

f the bulk pressure of the liquid is equal to the coexistence pres-

ure. First, we calculated the coexistence pressure by considering a

eparate simulation setup where a slab of liquid is placed between

wo atomically smooth walls (see SI section). The liquid is in con-

act with the lower wall and there is a space between the liquid

lab and the upper wall, which allows the vapor to fill the space

pontaneously and generate a liquid-vapor coexistence state. The

ulk pressure of the liquid slab is measured by calculating the lo-

al stress tensor, p αβ , using the approach by Irving and Kirkwood

 Kirkwood and Buff, 1949 ). More specifically, the simulation box of

he liquid-vapor system is divided into slabs that are parallel to the

olid wall. In the slab k , the local stress tensor, p αβ , is defined as

p αβ = 

1 

V sl 

〈 ∑ 

l 

m v l,αv l,β〉 + 

1 

V sl 

〈 ∑ 

i< j 

f α,i j βi j ηk ( � r i j ) 〉 , (2)

here V sl is the volume of the slab, αβ is the combination of x,

, z , and v l, αv l, β is the product of the velocity components of the

article l located within the slab. The sum �i < j runs over par-

icles i and j if a portion of the line connecting them is located

nside the slab k . The parameter ηk ( � r i j ) is the fraction of the con-

ecting line that is located inside the slab k , and if both particles

re in the slab k then ηk ( � r i j ) = 1 . At temperature, T = 0 . 8 ε/k B , the

oexistence pressure is p coex = 0 . 0134 ε/σ 3 and the corresponding

ensity of bulk liquid is ρcoex = 0 . 73 σ−3 . 

Next, the magnitude of the coexistence pressure can be used

s a criterion to control the shape of GLI by varying the posi-

ion of the upper wall as shown in Fig. 1 . Consequently, Fig. 2

hows the bulk pressure of liquid versus the height of the channel

or different groove widths. The bulk pressure is calculated using

q. (2) . It can be clearly seen from Fig. 2 that the bulk pressure



4 L. Bao, N.V. Priezjev and H. Hu / International Journal of Multiphase Flow 126 (2020) 103258 

Fig. 3. (a) The snapshot of the system with the largest width of the groove ( W = 43 . 2 σ ) during steady flow in the longitudinal direction. (b) The time-averaged density 

profiles perpendicular to the gas-liquid interface (GLI) at the center of GLI for the indicated groove widths. 

Table 1 

Values of the channel height, H , 

when the bulk pressure is equal 

to the coexistence pressure for 

different groove widths, W . 

W / σ H / σ

7.2 61.4 

14.4 61.171 

21.6 60.928 

28.8 60.724 

36.0 60.6 

43.2 60.4 
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decreases with increasing channel height. As the bulk pressure be-

comes larger than the coexistence pressure, the GLI protrudes into

the groove; otherwise, the GLI extends into the liquid phase (see SI

section). If the bulk pressure is equal to the coexistence pressure,

the GLI becomes flat. Hence, we determined the values of channel

heights which make GLI flat for different groove widths. In what

follows, these heights (see Table 1 ) will be used to carry out sim-

ulations in the presence of flow. 

3.2. Flow fields for the transverse and longitudinal flow orientations 

The representative snapshot of the sheared liquid confined be-

tween two walls is shown in Fig. 3 (a) for the largest width of the

groove ( W = 43 . 2 σ ). It can be seen from Fig. 3 (a) that the shape

of the GLI is indeed flat. The position of the GLI can be quanti-

tatively determined by examining the density profiles across the

GLI. Here, we define the location of the GLI as the position where

the density equals to half of the sum of liquid and gas densities,

i.e., ρ = 

1 
2 (ρL + ρG ) . It should be commented that previous studies

( Tretyakov and Mueller, 2012 ) have shown that the degree of pen-

etration of a liquid into the groove is controlled by the strength

of the interaction energy between the liquid and solid atoms of

the surface of the groove when the liquid pressure is equal to the

coexistence pressure. In our work, the interaction energy between

the liquid and solid atoms of the inner surface of the groove is very

weak (0.01 ε). Therefore, the liquid does not wet the inner part of

the groove and the position of the GLI coincides with the topmost

layer of the lower wall, as shown in Fig. 3 (b). In the analysis be-

low, the position of GLI is used to calculate the slip velocity and

interfacial shear rate. 
Fig. 4 presents the local velocity profiles perpendicular to the

pper wall, i.e., along the y -direction for transverse and longitudi-

al flows. The width and depth of the groove are W = 43 . 2 σ and

 = 31 . 2 σ, respectively. Due to the symmetry with respect to the

enter of GLI, we only report the velocity profiles in the left part of

he channel in Fig. 4 (a) and (b). It is readily apparent that the pres-

nce of GLI significantly changes the local flow field. It can be seen

n Fig. 4 (a) (the transverse flow), the velocity profiles above GLI are

urved, and the shear rate increases away from the location of GLI

along the y -direction). In other words, the shear stress decreases

pon approaching the GLI, which is the main reason behind the

rag reduction of SHS. It can be further observed in Fig. 4 (a) that

ith x / W increasing from −0 . 09 to 0.49, both the curvature of ve-

ocity profiles near the GLI and the slip velocity at the GLI in-

rease. By contrast, the local velocity profile above the solid surface

 x/W = −0 . 09 ) has an opposite curvature and zero slip velocity at

he solid-liquid interface. It is interesting to note that the velocity

rofile immediately right of the groove edge ( x/W = 0 . 07 ) almost

oincides with the velocity profile above the solid surface. In other

ords, the shear stress at the groove edge and at the solid wall is

early the same. In the bulk region far from the GLI, the perturba-

ion of the velocity profiles due to GLI vanishes and they become

inear. Inside the groove, the gas velocity is positive and negative in

he vicinity of GLI and at bottom of the groove, indicating a vortex

ow. 

As is evident from Fig. 4 (b), the local velocity fields for the

ongitudinal case are markedly different from the transverse case.

hus, the velocity profiles above the GLI are characterized by a

ronounced slip velocity, which becomes larger near the center

f the groove. Note however that the local slip condition at the

olid-liquid interface is still no-slip. In addition, there is a finite

lip velocity right off the groove edge in the longitudinal case but

uch smaller slip velocity in the transverse case. As expected, the

as velocity inside the groove is always parallel to the upper wall

peed, as shown in Fig. 4 (b). 

Fig. 5 shows the slip velocity along the GLI for different groove

idths for transverse and longitudinal flows. Note that the data

or slip velocity are directly obtained from averaging within the

arrow bin of 1.0 σ at the GLI and solid-liquid interface. In all

ases, the slip velocity increases upon approaching the center of

LI along the directions parallel to the xz -plane. It can also be

een that with increasing W , the slip velocity becomes larger in

oth transverse and longitudinal flows. In the previous theoretical

tudies ( Schönecker and Hardt, 2013; Schnecker et al., 2014 ), the
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Fig. 4. The local velocity profiles along the y -direction for transverse (a) and longitudinal (b) flows. The values of x / W are the positions of averaging bins indicated by 

the dashed lines in the inset of panel (a). The origin of x / W starts from the left edge of the groove. The width and depth of the groove are W = 43 . 2 σ and D = 31 . 2 σ, 

respectively. The left and right axes in the panels (a) and (b) indicate the locations of the bottom of the groove and the upper wall. 

Fig. 5. The slip velocity along the gas-liquid interface (GLI) for the indicated groove widths for the transverse (a) and longitudinal (c) flows. The depth of the groove is 

D = 31 . 2 σ . The data from panel (a) are replotted in the panel (b) with the slip velocity normalized using the maximum slip velocity and the location along the GLI divided 

by half the groove width. The same normalization procedure is implemented for the data in the panels (c) and (d). In panels (b) and (d), the normalized velocities are 

plotted with respect to the center of the groove. The dashed-dot lines are circles that are plotted for comparison with the simulation data. 

Fig. 6. The normalized local shear rate along the gas-liquid interface for the indicated groove widths for (a) transverse and (b) longitudinal flows. The depth of the groove 

is D = 31 . 2 σ . 
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Fig. 7. The local slip length along the gas-liquid interface for transverse (a) and longitudinal (c) flows. The groove widths are indicated in the legends. The depth of the 

groove is D = 31 . 2 σ . The data from panel (a) are replotted in the panel (b) with the local slip length normalized using the maximum LSL and the location along the GLI is 

divided by half the groove width. The same normalization procedure is used for the data in the panels (c) and (d). In panels (b) and (d), the normalized local slip lengths 

are plotted with respect to the center of the groove. 
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slip velocity along the GLI was described by an elliptical function.

Fig. 5 (b) and (d) shows the slip velocity normalized using the max-

imum value of the slip velocity for the corresponding width of the

groove. Remarkably, all the data in both transverse and longitudi-

nal cases collapse onto a single curve, which is well fitted using a

circular function, v s / v max 
s = 

√ 

1 − X 2 , where X = x/d ( d is half the

width of the GLI). A similar elliptic profile for the slip velocity at

the shear-free interface was also found by Philip (1972) . Hence, we

conclude that at the nanoscale, the slip velocity also obeys the el-

liptical distribution along the GLI. 

3.3. The local slip length in transverse and longitudinal flows 

In the previous section, it was shown that the slip velocity can

be well described by an elliptical function. In the previous studies,

the shear stress was assumed to be constant along the GLI leading

to an explicit form for the local slip length distribution ( Schönecker

and Hardt, 2013; Schnecker et al., 2014 ). The assumption of a con-

stant shear stress is reasonable when the width of groove is on the

order of a micrometer, and the influence of the groove edges on

the local slip length can be neglected. However, this is not the case

in our situation, where the largest width of the groove is about 15

nm. To examine the slip boundary condition at the GLI, we next

calculate the local slip length. 

The LSL is computed using L s = v s / ̇ γ , where ˙ γ is the local shear

rate. It is well known that for flows over a homogeneous solid sur-

face, the velocity profiles are simply linear and parabolic for Cou-

ette and Poiseuille flows, respectively. Correspondingly, the local
hear rate can be obtained by fitting the velocity profile in the

ulk region and then extrapolating the fitting curve with respect to

he solid-liquid interface ( Lichter et al., 2004; Priezjev and Troian,

0 04; Priezjev, 20 07; Liu and Li, 2010; Bao et al., 2017 ). However,

or a liquid flowing over SHS, the presence of GLI perturbs the flow

eld, which leads to spatially varying velocity profiles near the GLI

 Schnecker et al., 2014 ). To simplify the fitting procedure, we fol-

ow the method used by Schäffel et al. (2016) . They adopted a lin-

ar function to fit the velocity profiles near GLI to obtain the local

hear rate. 

In our study, the velocity profiles were fitted within 5 σ above

he GLI. The slip velocities calculated from the linearly fitted func-

ions match well with the slip velocities averaged within narrow

ins at GLI. The local shear rate is then extracted from the linear

t. We find that the local shear rate along the GLI can be well de-

cribed by the exponential function, ˙ γ = ˙ γ0 + ˙ γ1 e 
−R 0 x for different

roove widths in both transverse and longitudinal flows. Here, ˙ γ0 

s the shear rate at the center of GLI, and ˙ γ1 is the shear rate at the

roove edge. R 0 represents the inverse scale for decay of the shear

ate. A similar exponential decay of the shear rate was also pre-

ented in previous works ( Schnecker et al., 2014 ). Fig. 6 shows the

ormalized local shear rate, ˙ γn = ( ̇ γ − ˙ γ0 ) / ̇ γ1 along the GLI. Inter-

stingly, the normalized local shear rate roughly follows a common

urve for groove widths in the range from W = 21 . 6 σ to 43.2 σ
or both transverse and longitudinal flows. The local shear rate for

roove widths W = 7 . 2 σ to 14.4 σ deviates from the master curve.

 similar behavior is also observed for LSL for different groove

idths, see below. 
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Fig. 8. (a) The density map near the left edge of the groove for the width, W = 43 . 2 σ . The magenta circles represent the topmost layer of the lower wall. (b) The density 

profiles along the dashed lines shown in the panel (a). 
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Fig. 9. The effective slip length as a function of the GLI width for transverse and 

longitudinal flows. The groove width is denoted as W . 
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In our analysis, we do not directly use the shear rate to com-

ute the LSL, but instead extract the shear rate from the exponen-

ial function fitted to the shear rate along the GLI. Fig. 7 presents

he LSL along the GLI for different groove widths. It can be seen

hat the LSL is finite for all groove widths considered in the

resent study. In particular, the LSL exhibits similar features for

he transverse and longitudinal flows. The LSL becomes larger near

he center of GLI. It is important to note that from the solid-liquid

nterface (no-slip region) to GLI (slip region), the LSL gradually in-

reases from zero to a finite value. With increasing groove width,

he LSL also increases. By examining the normalized data for LSL,

imilar to the shear rate, it becomes evident that the LSL exhibits

wo regimes depending on the groove width [see Fig. 7 (b) and (d)].

n the first regime, i.e., 21.6 σ ≤ W ≤ 43.2 σ , the data for LSL col-

apse onto a single curve. In the second regime, i.e., W = 7 . 2 σ to

4.4 σ , the groove width, W ≤ 14.4 σ , the shear rate and LSL de-

iate from the master curves. In summary, we find that the slip

elocity and shear rate along the GLI can be accurately described

y the elliptical and exponential functions, respectively. Thus, the

SL follows L s = A 

√ 

1 − x 2 /B 2 / ( ̇ γ0 + ˙ γ1 e 
−R 0 x ) . It should be noted

hat the influence of edge on the LSL decays fast in an exponen-

ial way leading the edge effect can be neglected in the micro-

ize grooves. Therefore, our proposed function of LSL should ap-

licable for the case of nanosize grooves. Using the continuum ap-

roach, Nizkaya et al. (2014) found that the viscous dissipations

ear the edges of the grooves control the slopes of the LSL pro-

les and a power-law fits were proposed for the local and effective

lip length. Our results indicate a different function form of LSL for

anosize grooves. 

For liquids flowing over SHS with nanoscale grooves, the fric-

ion at the GLI originats from two factors. The first one is due

o the viscous dissipation in the fluid ( Schnecker et al., 2014 ).

he other one is due to the edges of grooves ( Tretyakov and

ueller, 2012 ). In the work by Müller and Tretyakov, the friction

nduced by the groove edge was attributed to the fluid layering

ear the groove edge. In our simulation setup, the interaction be-

ween atoms in the topmost layer of the lower wall and liquid

toms is very strong, ε WL = 1 . 0 ε. Therefore, the topmost layer of

he lower wall induces fluid layering in the directions both perpen-

icular and parallel to the xz -plane (see Fig. 8 ). It can been seen

rom Fig. 8 (b) that fluid layering in the direction perpendicular to

he xz -plane extends up to about 6 liquid atomic diameters, which

s consistent with the previous studies ( Kaplan and Kauffmann,

006; Kauffmann et al., 2011 ). In contrast, the fluid layering along

he x -direction is only about 2 atomic diameters. Similar results

ere also observed by Fujiwara and Shibahara (2015) . Our results

f LSL and local shear rate indicate that the groove width required

o separate two regimes is about 14.4 σ . Therefore, the additional

riction due to the groove edges does not originate only from the

uid layering near the edges. One possible reason leading to the
wo regimes of LSL is the influence of groove edges on the sur-

ace tension of GLI. It was shown by Fujiwara that the groove edge

an affect the surface tension in the range of about 5–6 atomic di-

meters ( Fujiwara and Shibahara, 2015 ), which is consistent with

he estimate of the groove width ( ≈ 14.4 σ ) separating the two

egimes of LSL in our study. 

Finally, it is also instructive to calculate the ESL, which can be

btained by averaging the velocity profiles in the bulk region along

he entire channel. The ESL is then calculated by linearly fitting the

veraged velocity profile and extracting the effective slip velocity

nd shear rate at the location of GLI. The results are presented in

ig. 9 . It can be clearly seen that the ESL increases with increas-

ng groove width for both transverse and longitudinal flows. The

atio of the ESL in the transverse and longitudinal cases is about

.6, while the ratio of LSL between the transverse and longitudi-

al cases is ≈ 3.8. In the previous theoretical studies ( Asmolov

nd Vinogradova, 2012; Schnecker et al., 2014 ), a different ratio

etween the LSL in the transverse and longitudinal cases are as-

umed to deduce the relationship between the ESL in the trans-

erse and longitudinal cases. Our numerical results provide a ref-

rence to establish the relationship between the ESL in the trans-

erse and longitudinal cases from the LSL. 

. Conclusions 

In summary, we investigated the local slip behavior and flow

elds of a simple liquid flowing overa superhydrophobic surface

atterned with nanoscale rectangular grooves using molecular dy-

amics simulations. The groove is filled by the saturated vapor of

he liquid, which results in the formation of a gas-liquid interface

GLI). The solid walls outside the GLI are set as hydrophilic to ef-

ectively impose the no-slip boundary condition at the solid-liquid
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interface. The inner wall of the groove is nonwetting. By tuning

the pressure in the bulk liquid to the coexistence pressure, a flat

GLI is introduced parallel to the solid-liquid interface. This, in turn,

allows us to compute precisely the local and effective slip lengths

in both transverse and longitudinal flows. We found that the lo-

cal slip velocity and shear rate are well described by elliptical and

exponential functions, respectively. Based on these results, we pro-

posed a functional form for the local slip length distribution along

the GLI, i.e., L s = A 

√ 

1 − x 2 /B 2 / ( ̇ γ0 + ˙ γ1 e 
−R 0 x ) , which is valid for

both transverse and longitudinal flows. Depending on the groove

width, two regimes of the local slip length distribution along the

GLI are identified. At the large GLI width regime, both the groove

edges and local hydrodynamics contribute to the interfacial fric-

tion, and the normalized local slip lengths collapse onto a single

curve at different groove widths. At the small GLI width regime,

the groove edge dominates the friction at GLI, leading to deviation

from the master curve obtained for wide grooves. Moreover, the

numerical results indicate that the ratios of the effective and local

slip lengths in the transverse and longitudinal cases are about 2.6

and 3.8, respectively. The proposed functional form for the local

slip length is potentially useful for continuum modeling of liquid

flows over grooved superhydrophobic surfaces without coupling to

the gas flow inside the grooves. 
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