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ABSTRACT

A liquid–liquid interface (LLI) at liquid-infused surfaces (LISs) plays a significant role in promoting slip flow and reducing frictional drag. By
employing the transverse many-body dissipative particle dynamics simulations, the behavior of local and effective slip at a flat LLI for shear
flows over periodically grooved LISs has been studied. With increasing viscosity ratio between the working fluid and lubricant fluid, two local
slip modes are identified. For a small viscosity ratio, the local slip length remains finite along the LLI, while a hybrid local slip boundary con-
dition holds along the LLI for large viscosity ratios, i.e., the local slip length is finite near the groove edge and unbounded in the central region
of the LLI. The vortical flow inside the groove can be enhanced by increasing viscosity ratio due to the change in the local slip mode from the
finite state to the hybrid one. Moreover, the results suggest two scenarios for the variation of the effective slippage. For LISs with a large LLI
fraction, the effective slip length increases significantly with increasing viscosity ratio, while for a small LLI fraction, the effective slippage is
rather insensitive to the viscosity ratio. The underlying mechanism for the relationship between the effective slip length and the viscosity ratio
for different LLI fractions is revealed based on the two slip modes. These results elucidate the effect of LLI on slip boundary conditions and
might serve as a guide for the optimal design of LISs with enhanced slip properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098343

I. INTRODUCTION

In ocean engineering, drag reduction can significantly reduce
energy consumption and enhance traveling speed or distance of under-
water vehicles.1–3 Inspired by an unusual bounce behavior of water
droplets on lotus leaves, superhydrophobic surfaces (SHSs) have been
long explored to reduce flow drag.4–7 Due to the presence of micro- and
nanostructures and relatively low surface energy of SHSs, air can be
trapped within these structures when SHSs are submerged under water.
As water is prevented from a direct contact with a solid wall, a
gas–liquid interface (GLI) is formed to form an apparent slip, which
makes SHSs useful for applications that require drag reduction.8–11

Generally, the GLIs might suffer from the lack of stability.12,13

For instance, by using confocal microscopy, Lv et al. reported collapses
of symmetric and asymmetric GLIs on a submerged SHS.14 Moreover,
the collapse of a GLI can reduce the drag-reducing ability of SHSs or

even increase the flow drag. For example, Reholon et al.15 observed an
apparent drag reduction of SHSs at lower Reynolds numbers, but the
drag reduction rate decreased at higher Reynolds numbers, similar to
the observations of Xu et al.16 In fact, not only flow-induced shear but
also air dissolution17,18 or pressure fluctuation19,20 can make the GLIs
unstable.

Although Xu et al. achieved an increase in lifetime of 120 h for
SHSs by minimizing environmental factors,17 it is hardly possible to
indefinitely keep the superhydropic state under realistic conditions. So,
the stability of GLIs over SHSs has to be continuously maintained. By
combining air injection and surface hydrophobicity adjustment, Du
et al. clearly demonstrated a recovery of an air layer on SHSs and the
appearance of slip flow.21 Several novel methods including water elec-
trolysis,22,23 decomposition reaction of hydrogen peroxide,24 the
Leidenfrost effect,25,26 and a specific doubly reentrant structure27 were
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also used to generate or maintain a gas layer over SHSs. Based on the
wettability step effect, Hu et al. created novel SHSs to maintain a large-
scale gas film and obtained a drag reduction rate as large as 77.2% in a
Taylor–Couette flow apparatus.28

On the other hand, the liquid-infused surfaces (LISs), which are
inspired by the Nepenthes pitcher plants, have been recently fabricated
and shown to exhibit interfacial slip.29,30 Similar to the SHSs, the LISs
are also manufactured with micro- and nanostructures and reduced
surface energy, but a liquid lubricant (instead of a gas layer) is infused
within these structures. Recently, Solomon et al. demonstrated that
drag reduction of LISs depends on the viscosity ratio between the
working fluid and the lubricant.31 Specifically, it was shown that for
laminar flow conditions and the viscosity ratio of 260, the drag was
reduced by 16%. More recently, Rosenberg et al. have suggested that
LISs may enable robust drag reduction in turbulent flows.32 They also
reported a drag reduction rate that was exceeded 35% for LISs and
demonstrated that drag reduction increased with increasing viscosity
ratio, groove width, fluid area, and Reynolds number.33

There are three criteria to design slippery LISs:34,35 (1) the lubri-
cant liquid should wick into, wet, and stably adhere within the sub-
strate, (2) the solid must be preferentially wetted by the lubricant
liquid rather than by the working liquid that needs to be repelled, and
(3) the lubricant fluid and working fluid must be immiscible. Since the
lubricant is always insoluble in water when the LISs are submerged
under water, the LLI is more stable than the GLI and, thus, becomes
more advantageous for drag reduction.33,36 For example, Tuo et al.
found that the LIS can repair itself and restore the drag reduction effect
even if a small amount of lubricant oil is impregnated into the porous
substrate.37 By comparing drag-reducing abilities before and after sev-
eral instances exposure to a high shear flow, a biomimetic LIS fabri-
cated by Sang et al. performed an excellent sustainability as it
exhibited a minimal decrease in the drag-reducing capability.38 In
addition, a novel chemical technique,39 a small amount of surfactant,40

or random roughness of superhydrophobic PTFE surfaces41 can
enhance retention of a lubricant and maintain the drag-reducing abil-
ity of LISs.

When a lubricant is infused into structured substrates, the origi-
nal solid–liquid interface (SLI) is replaced by a liquid–liquid interface
(LLI) on submerged LISs, which is the key for interfacial slip and drag
reduction. For example, by directly measuring the slip length over a
biomimetic LIS, Sang et al. observed drag reduction by 18%, while this
effect was absent for the no-slip surface.38 More recently, it was shown
numerically that the maximum values of local slip velocity and slip
length have occurred in the center of the contact interface, which
formed a paraboloid at the LLI.42 Furthermore, Asmolov et al. demon-
strated that the effective slip length increased with the LLI fraction and
the viscosity ratio, whereas the influence of the protrusion angle was
insignificant.43 Assuming Stokes flow, Chang et al. proposed a model
for drag reduction at the heptane-lubricated surface.30 Interestingly,
for the LISs with trapped air, Hemeda et al. predicted a drag reduction
by 20%–37% when compared with a traditional LIS.44 Despite a signif-
icant progress in the fabrication and characterization of LISs, the rela-
tionship between slip boundary conditions and properties of LLI has
remained not fully understood.

Recently, we have derived a hybrid slip boundary condition at a
flat GLI over periodically grooved SHSs, based on many-body dissipa-
tive particle dynamics (MDPD) simulations.10 It is the local shear

stress and the local slip length that are finite near the groove edge,
while the stress is nearly zero and the slip length appears to be infinite
in the central region of the GLI. As the MDPD simulation method
proved to be useful to simulate multiphase flows,45–49 it is applied in
this study to explore the slip behavior over LISs and to examine
whether a hybrid slip boundary condition is more appropriate along
the LLI. In addition, the effects of the LLI fraction and the viscosity
ratio between the working liquid above the LISs and the lubricant
infused in surface structures on the slip behavior over LISs are studied.

The recent research about the drag-reducing ability and slip
property of LIS are briefly introduced in this Sec. I. The remainder of
this paper is organized as follows. Section II describes the simulation
method, which consists of the modified MDPD scheme, simulation
setup, and model parametrization. By introducing a flat LLI over LISs,
the slip properties of the LLI are investigated for different viscosity
ratios and LLI fractions in Sec. III. Finally, a summary of the results
and our conclusions are presented in Sec. IV.

II. SIMULATION METHODS
A. MDPD scheme

In the standardMDPD (S-MDPD) simulations, as particles inter-
act via three pairwise forces along the interparticle axis, the S-MDPD
thermostat cannot effectively control the liquid viscosity.50 Recently, a
new transverse MDPD (T-MDPD) scheme was proposed to tune the
viscosity of a MDPD fluid over a wide range.51 With a lateral friction
coefficient added to the S-MDPD form, the three pairwise forces,
namely, the conservative, dissipative, and random forces, are redefined
as follows:

FC
ij ¼ AijxcðrijÞ þ Bijðqi þ qjÞxdðrijÞ

� �
eij; (1)

FD
ij ¼ �ckxk

DðrijÞðeij � vijÞeij � c?x?
DðrijÞ vij � ðeij � vijÞeij

� �
; (2)

FR
ij ¼ rkxk

RðrijÞðeij � hijÞeij þ r?x?
R ðrijÞ hij � ðeij � hijÞeij

� �
: (3)

In the definition of FC
ij ; Aij is the strength of the attractive force

and Bij is the strength of the repulsive force. rij is the distance between
particles i and j, eij ¼ ðri � rjÞ=rij is the unit vector in the direction
from particle j to i, and ri represents the position vector of particle i.
xcðrÞ½¼ ð1� r=rcÞ� and xdðrÞ½¼ ð1� r=rdÞ� are weight functions
that vanish for r > rc and r > rd , respectively, and rc and rd are cutoff
radii of the attractive and repulsive forces, respectively. Thus, the
attractive force between the particles i and j varies linearly with rij
while rij is less than rc. qi ¼

P
i6¼j xqðrijÞ is the local density for

each particle within the effective range rd, where xqðrÞ
¼ ½105ð1þ 3r=rdÞð1� r=rdÞ3�=ð16pr3dÞ is the weight function.

In Eqs. (2) and (3), c and r are friction coefficients and random
coefficients, respectively. Specifically, ck and rk are the components
along the direction of eij, whereas c? and r? are the components
perpendicular to that direction. Meanwhile, the coefficients satisfy
the relation r2 ¼ 2ckBT for both of these two directions. Here, kB is
the Boltzmann constant and T is the temperature of the system. The
weight functions are set as xk

DðrÞ ¼ x?
DðrÞ ¼ ð1� r=rcÞ2, where rc

is the interaction range. The weight functions xk
RðrÞ ¼ x?

R ðrÞ are
chosen such that xDðrÞ ¼ ½xRðrÞ�2. Additionally, vij ¼ vi � vj is
the velocity difference, where vi and vj are the velocities of particles
i and j.
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In Eq. (3), hij is a three-dimensional vector that its elements are
independent Gaussian random numbers with zero mean and unit var-
iance. This vector satisfies the following conditions:

hhiji ¼ 0; (4)

hijðtÞ � hklðt0Þ ¼ Iðdikdjl � dildjkÞdðt � t0Þ; (5)

where I is a 3� 3 matrix and � represents the dyad product. When
c? ¼ r? ¼ 0 in the T-MDPD scheme, the standard form is recov-
ered. In an MDPD system, the governing equation for the ith particle
is given by

mi
d2ri
dt2

¼
X
i6¼j

FC
ij þ FD

ij þ FR
ij : (6)

B. Simulation setup

Figure 1 shows a schematic illustration of the simulation setup.
The channel is confined between the upper and lower walls with the
dimensions of Lx (¼ 64.0 in the DPD units) in the x-direction, Ly in
the y-direction, and Lz (¼ 8.0 in the DPD units) in the z-direction.
In addition, a rectangular groove, with a height h (¼31.89 in the
DPD units), length Lz, and width w, is carved inside the lower wall.
Note that the MDPD method operates in reduced DPD units for con-
venience, the map between the DPD units and the physical units is

instructive to a specific set of properties of a real liquid, and the detail
will be discussed later in Sec. II C. A Newtonian liquid (the working
fluid) is confined in the channel, while the groove is filled with another
immiscible liquid (the lubricant liquid) to simulate a liquid-infused
surface (LIS). By adjusting the channel height (H), the shape of the
liquid–liquid interface (LLI) is controlled as described in literature.10

The LLI is intentionally made to be flat in this study. The width w is
varied to simulate LISs with different fluid interface fractions.

With a lateral friction coefficient added to the S-MDPD form,
the viscosity of the T-MDPD fluid is much higher than that of a
S-MDPD fluid, and it is sensitive to the transverse friction coefficient,
as shown in literature.51 While the particle number density of the
working fluid and the lubricant fluid are set in the DPD units to
qw ¼ 6:74 and qi ¼ 3:24, respectively, the viscosities of these two types
of T-MDPD fluids are primarily adjusted by the friction coefficient.
Then, the viscosity ratio between the working fluid and the lubricant
fluid varies over a wide range, which exceeds the range for a classical
SHS with air trapped in surface structures, as described in Sec. III.

In the simulations, the upper wall, lower wall, and the two types
of T-MDPD liquids are initially constructed from the face-centered
cubic crystal. With a particle density number of 12.0 in the DPD units,
the upper wall consists of 19 980 solid particles. When w is equal to
15.60, 23.57, 31.55, 39.52, and 47.50 in the DPD units, the lower wall,
with the same density as the upper wall, consists of 177 876, 152 484,
127 092, 101 700, and 67 428 particles, respectively. At the same time,
the number of liquid particles in the groove is 12 615, 18 705, 25 230,
31 755, and 37 845, respectively, while the working fluid always con-
sists of 203 889 particles.

In order to form a stable LLI over the LIS, the particles of the
working fluid are made to repel the lubricant fluid, while a no-slip
boundary condition is applied at the channel’s solid surfaces (the
upper wall and the topmost layer of the lower wall). In the setup, the
lower wall is kept stationary, while the upper wall is translated with a
constant velocity Ux in the þx direction to generate a transverse shear
flow with respect to the groove. Periodic boundary conditions are
applied along the x- and z-directions to simulate a periodic array of
grooves. The coordinate origin is located at the center of the LLI as x4
(Fig. 1), and the individual positions of x1–x7 are �0.375Lx, �0.25Lx,
�0.125Lx, 0.0, 0.125Lx, 0.25Lx, and 0.375Lx, respectively.

C. MDPD Parameters

The interaction parameters used in the current study are listed in
Table I in the DPD units. These are the representative values for a
multiphase flow in an MDPD system.52–54 The subscripts w and i
denote the working fluid in the channel and the infused liquid in the
groove, respectively. In addition, the subscripts l and s denote the liq-
uid (working fluid and lubricant fluid) and the solid wall, respectively.

The attraction coefficient between the working fluid and the
channel walls (the upper wall and the topmost layer of the lower wall)
is set to �40.0 to achieve a no-slip boundary. This coefficient between
the working fluid and the groove walls is set to �4.0 to prevent the
working liquid from wetting grooves. Meanwhile, it is also set as �4.0
between the working fluid and the lubricant to make them highly
immiscible.55 The attraction coefficient is zero between the lubricant
particles to simulate a light fluid, while it is -40.0 between the particles
of the working fluid to simulate a heavy fluid. The mapping relations
between the physical and the DPD units for the length, mass, and time

FIG. 1. A schematic representation of the simulation setup. H is the height of the
channel, Lx and Lz are the sides of the LIS, and h and w are the depth and width of
the groove, respectively.
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are lphy ¼ ½L� � lDPD; mphy ¼ ½M� �mDPD, and tphy ¼ ½T� � tDPD,
respectively. Here, the quantities in square brackets denote the scaling
relationship between the physical and DPD quantities, which are based
on the density, viscosity, and surface tension of the T-MDPD fluid.

In this study, both friction coefficients for the working and lubri-
cant fluids are varied to provide different viscosity ratios. Here, taking
a classical simulation case, where the friction coefficient of the working
fluid is 50.0 and it is 2.0 for the lubricant fluid, we find the mapping
relations between the physical and the DPD units. Note that the fric-
tion coefficients along the two directions (as described in Sec. IIA) are
the same for a pair of particles in current simulations. By applying the
Poiseuille flow method,51,56,57 the viscosities of these two types of T-
MDPD fluids were obtained as lw ¼ 74:31 and li ¼ 1:22 in the DPD
units, which provides a maximum value of 60.77 for the viscosity ratio.
Based on the Irving–Kirkwood equation,58,59 the surface tension of the

working fluid Cww is 12.76 in the DPD units. Comparing density, vis-
cosity, and surface tension of the current T-MDPD fluid with physical
water,60 the scaling factors for the length, mass, and time are obtained
as ½L� ¼ 2:16� 10�10 m; ½M� ¼ 1:49� 10�27 kg, and ½T� ¼ 5:14
�10�13 s, respectively. Taking Ux ¼ 0.50 and a typical value
w¼ 15.60, the capillary number Ca (¼ lw _cw=Cww, where �_c ¼ U=H
is the average shear rate in the channel) is 0.76. The upper estimate of
the Reynolds number Re (¼qwUxH/lw) is 2.69, indicating laminar
flow conditions. Thus, the interface is considered to be steady during
simulations.

With a time step Dt of 0.01 in the DPD units, all simulations are
carried out using the open-source LAMMPS MD code.61 Before pro-
duction runs, the number of time steps for the initial equilibration is
5:0� 105. After equilibration, the transverse shear flow is generated
and developed to a steady state during 1:0� 106 steps. The entire
simulation box is then divided into narrow bins, with Dx ¼ 1:0 and
Dy ¼ 1:0 in the DPD units parallel to the x–z plane, and the density
and velocity fields of the fluid both in the channel and in the groove
are computed by averaging over 1:0� 106 time steps.

III. RESULTS AND DISCUSSION
A. Local flow field over LISs

In this study, a set of system parameters are considered that
resulted in a flat LLI. As shown in Fig. 2(a), the shape of the interface
was controlled by suitably adjusting the channel height. Specifically,
the location of the LLI was defined at the position where the local
particle density is equal to half of the sum of the liquid densities in
the channel and in the groove. By fitting the normal profile of the
local density using a hyperbolic tangent function along the stream-
wise direction, a series of independent locations of the LLI were
computed. These locations were fitted using a polynomial function
to smoothen the shape of the LLI, as indicated by the black dashed
curves in Fig. 2(a).

TABLE I. Parameters in the DPD units used in this study.

Parameter Symbol Value

Particle number density of the working
fluid

qw 6.74

Particle number density of the infused
lubricant

qi 3.24

Attraction coefficient Aww ¼ Ass �40.00
Attraction coefficient Aii 0.00
Repulsion coefficient Bll ¼ Bsl ¼ Bss 25.00
Cutoff radius of the attractive force rc 1.00
Cutoff radius of the repulsive force rd 0.75
Friction coefficient csl ¼ css 18.00
System temperature kBT 1.00
Time step Dt 0.01

FIG. 2. (a) The shape of the LLI for different values of the channel height H (the groove width w ¼ w1), (b) flat LLIs for various groove widths w, and (c) the contact angle h
as a function of H for the indicated values of w (w1 ¼ 15.60, w2 ¼ 23.57, w3 ¼ 31.55, w4 ¼ 39.52, w5 ¼ 47.50, cww ¼ 50:0; and cii ¼ 18:0).
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For given groove width w and DPD settings, the contact angle (h)
at the groove edge depends on the channel height H [Fig. 2(a)]. For a
convex LLI, i.e., the LLI is protruded into the channel, h is positive, while
it is negative for a concave LLI. Consequently, by plotting h as a function
of H for the fixed system parameters, a channel height (H0) that corre-
sponds to h ¼ 0 was determined [Fig. 2(c)]. Then, by setting H¼H0, a
flat LLI was obtained for different values of w [Fig. 2(b)].

The flow field for a flat LLI with w¼ 31.55 in the DPD units is
shown in Fig. 3. The friction coefficients were set to 50.0 and 18.0 for
the working fluid and the lubricant fluid, respectively, which results in
the viscosity ratio of N¼ 17.62. As shown in Fig. 3(a), the presence
of the lubricant in the groove changes the flow field at the LIS and
leads to a vortical flow in the groove. Furthermore, the normal profiles
of the local streamwise velocity (ux) are presented in Fig. 3(b).
Specifically, ux was computed by averaging over narrow bins with a
width of 1.0 in the DPD units along the x-direction and a height of 1.0
in the DPD units along the y-direction. The velocity profiles were nor-
malized by the corresponding upper wall speed Ux. Here, y¼ 0
denotes the location of the LLI, and xes are individual locations along
the x-direction (Fig. 1).

The velocity profiles above the SLI correspond to the positions
x1 or x7 [Fig. 3(b)]. It can be clearly seen that the velocity varies
almost linearly with y and it is zero at the SLI. In the near-LLI
region, the normal profiles of the streamwise velocity (ux) become
curved right above the LLI while x varies from x2 to x6. These
observations demonstrate an apparent slippage at the LLI. Note
that the normal profiles of ux is the highest in the center of the LLI,
i.e., at x4. In addition, the velocity profiles are almost symmetric
about the center, e.g., the normal profiles of ux at x3 and x5. From
the location of the LLI, as y gradually increases into the bulk region,
the velocity gradient increases. Further away from the interface, the
velocity profiles nearly collapse into each other and increase line-
arly as a function of y, implying that the influence of the LLI
becomes relatively small.

As shown in Fig. 3(a), the vortical flow inside the groove is
induced by the stress at the LLI from the working fluid. Moreover, as
indicated in Fig. 4, the working fluid and lubricant slip pass each other
along the LLI. Here, the apparent slip velocity (us) was computed by
averaging inside narrow bins at the interface, and actually, it is the
velocity of the working fluid at the LLI. In our recent study on slip
flow over SHSs, a new fitting method was proposed to analyze the
local shear stress and the local slip length.10 By applying this method
in this study, the normal profiles of the local velocity were also fitted
using a fifth order polynomial function to extract the velocity gradient.
The local shear stress (s) and the local slip length (ls) were then

FIG. 3. Flow fields at the LIS: (a) streamline patterns and (b) normalized profiles of the local streamwise velocity ux along the y-direction (w¼ 31.55 and N¼ 17.62). In
the panel (a), the thick black lines represent groove walls, the “SHS” denotes an idealized SHS with an empty groove, the color code indicates the vorticity xz along the
z-direction. In the panel (b), only the profiles of positions x1 to x4 and the average profile are included in the inset, and Ux is the upper wall speed.

FIG. 4. The local slip velocity us (black squares), local slip length ls (red circles),
and local shear stress s (blue triangles) along the LLI at LIS (w¼ 31.55 and
N¼ 17.62). The dashed orange curve represents a fit using an elliptical function.
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computed based on the Newton’s law of viscosity and the Naiver slip
model, respectively.

In Fig. 4, us is normalized by the maximum slip velocity (umax
s ) at

the center of the LLI, ls is normalized by the system size Lx, and s is
normalized by the average shear stress �s ¼ lUx=H, where l is the vis-
cosity of the working fluid. It was found that profiles of us, s, and ls are
symmetric near the center of the LLI, while us and ls are both larger at
the center of the LLI where s is reduced. More specifically, us is always
positive along the LLI whereas us is zero along the SLI due to the
imposed no-slip boundary condition. Figure 4 also shows that the nor-
malized velocity profile is well described by the elliptical function

us=umax
s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðx=ðLx=4ÞÞ2

q
.

As shown in Fig. 4, upon varying x from the groove edge to the
center of the LLI, s gradually decreases while ls increases. These trends
are consistent with the variation of the local slip over SHSs. This
decrease in the local shear stress and the corresponding increase in the
local slip length emphasize the effectiveness of LISs in reducing fric-
tional drag. Note that in contrast to flow over periodically grooved
SHSs, where the local ls is finite near the groove edge and is infinite at
the center region of the GLI, the local ls remains finite at the LLI while
flow over periodically grooved LISs. As a result, a finite slip boundary
condition at LISs is more appropriate than the hybrid slip boundary
condition, which was proposed in our recent study on flows over
SHSs.10

B. The effect of viscosity ratio on interfacial slip

The influence of the viscosity ratio, between the working fluid
and lubricant, on the local slippage at the LLI and flow patterns inside
the groove and above the LIS is then examined. First, the friction coef-
ficient c, along two directions was systematically varied to investigate
its influence on fluid viscosity. The results are presented in Fig. 5. In
comparison with the S-MDPD fluid, the viscosity of the T-MDPD
fluid becomes more sensitive to the friction coefficient c. As c increases
from 2.0 to 50.0, the viscosity varies from 5.51 to 74.31 in the DPD
units for the fluid in the T-MDPD scheme, while it only changes from
3.78 to 13.51 in the DPD units for the S-MDPD fluid for the same par-
ticle density of 6.74 in the DPD units.

Next, c is fixed at a value of 50.0 for the working fluid, as c varied
from 2.0 to 50.0 for the lubricant fluid, the viscosity ratio (N), thus,
changed from 60.77 to 6.41. The streamline patterns over LISs for sev-
eral values of N are displayed in Fig. 6. It should be noted that the vis-
cosity ratio N2 ¼ 56:25 was used to simulate a classical SHS with
trapped air.30,62 The results in Fig. 6 show that the presence of the
lubricant affects flow above the LIS, and the shear stress at LLI induces
a vortex flow inside the grooves. Note that upon increasing N, the
z-vorticity in the grooves becomes more pronounced.

The normal profiles of the local streamwise velocity ux at the
center of the LLI for the indicated values of N are shown in Fig. 7.

FIG. 5. The dependence of the viscosity l as a function of the friction coefficient c
for the MDPD fluid (q1 ¼ 6:74; q3 ¼ 3:24).

FIG. 6. Illustration of the streamline patterns over LISs for different viscosity ratios N (w¼ 31.55, N2 ¼ 56:25; N4 ¼ 32:45; N5 ¼ 17:62; andN7 ¼ 8:74). The color code
indicates the vorticity xz along the z-direction.
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For reference, the velocity profile for an idealized SHS is also included
in Fig. 7. As shown in Fig. 7, the velocity near the interface is larger for
the idealized SHS (orange) than for LIS, even when N approaches the
viscosity ratio of a classical SHS. With decreasing N, the velocity grad-
ually decreases near the interface while the velocity profiles at the bulk
region become nearly identical.

The local slip velocity (us) along the LLI for different viscosity
ratios N is plotted in Fig. 8(a). It can be seen that us increases with
increasing N, and us at LLIs is smaller than that at the GLI, which is
consistent with the results for the local streamwise velocity, shown

in Fig. 7. Note that the difference between LLI and GLI becomes more
pronounced at the center of the fluid interface. As shown in Fig. 8(b),
when us is normalized by the corresponding maximum slip velocity at
the center of the LLI over LISs (or GLI over SHSs), the normalized
velocity profiles closely follow the elliptical function us=umax

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðx=ðLx=4ÞÞ2

q
.

The local shear stress s that was computed from the normal pro-
files of the local streamwise velocity is shown in Fig. 9(a). With
increasing N, s gradually decreases, leading to enhanced drag reduc-
tion. Simultaneously, the local slip length ls increases [Fig. 9(b)]. Note
that ls becomes much larger than the system size at the central region
of the LLI when N increases up to 56.25. Although ls is smaller than ls
for an idealized SHS, the profiles of the local shear stress and the slip
length at the LLI with a relatively large value of N are similar to those
at a GLI, indicating that a hybrid slip boundary condition holds at the
fluid interface.

Therefore, a hybrid slip mode applies at the LLI over LISs for
larger N, where a finite local slip is present near the groove edge and
an infinite slip occurs at the center of the LLI. At smaller N, both the
local shear stress and the slip length remain finite along the LLI, and a
finite slip boundary condition can be assumed. This transition in the
local slip mode upon increasing N leads to a higher vorticity of the
flow in the groove.

The results in Fig. 5 show that the increase in the friction coeffi-
cient and a higher liquid particle density both contribute to an increase
in viscosity of a T-MDPD fluid. Here, the friction coefficient of the
working fluid (cww) is first varied to modify the viscosity ratio (N). For
a given lubricant fluid, where the friction coefficient cii and particle
density qi are fixed, the viscosity of the working fluid reduces with
decreasing cww, which consequently causes a decrease in N and ls
[Fig. 10(a)]. Moreover, the particle density of the lubricant fluid qi was
varied. As the friction coefficient cww and the particle density qw are
kept fixed for the working fluid, the increase in qi also reduces N and ls
[Fig. 10(b)]. For example, when cii is set to 8.0, the maximum slip

FIG. 7. The normal profiles of the local streamwise velocity ux at LISs for different
viscosity ratios N (x4 denotes the center of the LLI, x1 indicates the center of the
SLI, w¼ 31.55, N2 ¼ 56:25; N4 ¼ 32:45; N5 ¼ 17:62; andN7 ¼ 8:74). Ux is the
upper wall speed.

FIG. 8. The local slip velocity us along LLIs for different viscosity ratios N: (a) normalized by the upper wall speed Ux; (b) normalized by the maximum slip velocity umaxs
(w¼ 31.55, N1 ¼ 60:77; N2 ¼ 56:25; N3 ¼ 45:02; N4 ¼ 32:45; N5 ¼ 17:62; N6 ¼ 10:81; N7 ¼ 8:74; andN8 ¼ 6:41). The dashed orange curve in the panel (b) repre-
sents a fit using an elliptical function.
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length in the center of the LLI decreases from 2.95Lx to 0.97Lx, while
qi increases from 3.24 to 4.32 in the DPD units.

C. Effective slippage over LISs

While a detailed description of slip flow near the LLI over LISs
involves a local slip length, the flow far away from the LISs is charac-
terized by the effective slip length. This effective slip length relates the
mean velocity at the interface and the shear rate in the bulk region. By
assuming vanishing viscosity of a fluid filling surface corrugations, an
expression for the effective slip length at the GLI for a transverse flow
was originally derived by Philip.63,64 However, this expression might
not always hold for LISs, since the viscosity of the infused fluid signifi-
cantly affects the shear stress at the LLI. More recently, by taking into

account the viscosities of both fluids, Sch€onecker et al. obtained ana-
lytical predictions for the flow field and the effective slip length at
LISs.62

Although Sch€onecker et al.’s analysis describe the influence of an
entrapped fluid on the flow over a LIS, the analytical derivation of the
effective slip length is rather involved. Here, the effective slip length
(les) was directly measured as follows: the normal profiles of the
streamwise velocity (in the x-direction) in the bulk region were first
averaged along the entire channel, the averaged velocity profile was
then linearly extrapolated to the location of the LLI to determine the
effective slip velocity and the velocity gradient, and thus, the effective
slip length was calculated based on the Naiver slip model.

It should be noted that in both Philip’s and Sch€onecker et al.’s
analyses, the effective slip length (les) over grooved surfaces depends

FIG. 9. (a) The local shear stress s and (b) local slip length ls at the LLI for different viscosity ratios N (w¼ 31.55, N2 ¼ 56:25; N4 ¼ 32:45; N5 ¼ 17:62; andN7 ¼ 8:74).
The dashed curves in the panel (b) indicate the exponential fittings to ls.

FIG. 10. The local slip length ls at the LLI with increasing (a) friction coefficient of the working fluid cww and (b) particle number density of the lubricant fluid qi (w¼ 31.55). In
the panel (a), the first subscripts “1,” “2,” and “3” in the legend represent cww ¼ 2.0, 18.0, and 50.0, respectively, while the second subscripts “1,” “2,” and “3” correspond to cii
¼ 8.0, 18.0, and 32.0, respectively. In the panel (b), the first symbols “q1” and “q2” denote qi ¼ 3.24 and 4.32, respectively, whereas the second symbols “c4,” “c5,” and “c6”
correspond to cii ¼ 8.0, 18.0, and 32.0, respectively.
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on the fluid interface fraction. To study the effect of LISs on les, the
flow of a heavy fluid over a light lubricant in a groove with different
fluid interface fractions were simulated. Specifically, the system size Lx
was fixed to 64.0 in the DPD units, the width of the groove (w) was
varied from 15.6 to 47.8 in the DPD units to provide different fluid
interface fractions (a) ranging from 0.25 to 0.75.

First, the local slip velocity and slip length for different values of
w were calculated, as shown in Fig. 11. It can be seen that the local slip
velocity (us) becomes larger for wider grooves [Fig. 11(a)]. Wider
grooves lead to lower local shear stress (s) and larger local slip length
(ls) [Fig. 11(b)]. For example, when w changes from 15.60 to 47.50 in
the DPD units, the maximum us at the center of the LLI increases
from 0.058Ux to 0.20Ux, and the maximum ls increases from 0.13Lx
to 2.15Lx.

In this numerical analysis, the effect of the viscosity ratio N on
slip flow over LISs was considered. It was found that normalized pro-
files of us for different N and w nearly collapse into the elliptical func-

tion us=umax
s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðx=ðw=2ÞÞ2

q
, as shown in Fig. 12(a). When ls is

normalized by the product NLx, the normalized profiles increase
for wider grooves while they are less sensitive to the variation of N
[Fig. 12(b)]. These results imply that the normalized slip length is
mostly determined by the groove width, which agrees with conclusions
of the Chang et al.’s study.30

For the same flow conditions, the variation of the effective slip
length (les) as a function of the fluid interface fraction (a) for the indi-
cated values of the viscosity ratio (N) is shown in Fig. 13. It can be
seen that for a fixed N, les increases with a for either the LLI over LISs

FIG. 11. (a) The local slip velocity us and (b) local slip length ls at the LLI with different groove widths w (w1 ¼ 15.60, w2 ¼ 23.57, w3 ¼ 31.55, w4 ¼ 39.52, w5 ¼ 47.50, and
N¼ 17.62).

FIG. 12. Normalized profiles of (a) the local slip velocity us and (b) the local slip length ls (N5 ¼ 17:62; N6 ¼ 10:81; andN7 ¼ 8:74; w1 ¼ 15.60, w3 ¼ 31.55, and w5
¼ 47.50). The dashed orange curve in the panel (a) represents a fit using an elliptical function.
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or the GLI over SHSs. Note that les is rather insensitive to N for small
values of a, whereas the effect of N becomes more pronounced at
larger values of a (Fig. 13). For a ¼ 0.25, while N increases from 8.74
to 56.25, les only increases from 0.025Lx to 0.027Lx. As a increases to
a value of 0.75, les increases from 0.13Lx to 0.14Lx for the same varia-
tion of N. In addition, similar to the results for the local slip length in
Fig. 9(b), les for LISs remains smaller than for the case of idealized
SHS.

In Fig. 13, the results of the analytical prediction by Philip63,64 are
included, which is given by

lPes ¼ � Lx
2p

ln cos
p
2
a

� �� �
; (7)

where Lx is the system size and a represents the GLI fraction for ideal-
ized SHSs with empty grooves. It can be observed that except for
a > 0.60, the les values obtained from current mesoscopic simulations
are greater than the theoretical predictions, given by Eq. (7). However,
this discrepancy gradually decreases with increasing a. When a
increases up to 0.75, the les values are below the predictions of Eq. (7).
These results demonstrate that the assumption of zero stress used in
Philip’s study63,64 does not always hold for the case of LISs, and, instead,
a finite slip or a hybrid boundary condition should be assumed.

The effect of the viscosity ratio N on the effective slip length (les)
for different groove widths (w) is shown in Fig. 14. It can be seen that
les becomes larger and more sensitive to N for wider grooves. Note that
for a fixed w, the variation of les upon increasing N is not always
monotonous. When N< 10.81 (the left gray region in Fig. 14), les is
either constant or decreases with increasing N. In contrast, when
N> 10.81 (the right orange region in Fig. 14), les monotonically
increases with increasing N. Thus, the results in Fig. 14 indicate the
range of system parameters required to maximize the effective slip
flow over LISs.

As mentioned above, the effect of the viscosity ratio on the effec-
tive slip length les for flows over LISs was included in the analysis of

Sch€onecker et al.62 and the following expression for the effective slip
length was derived:

lSes ¼ �
ln cos

p
2
a

� �� �

2pþ 1
2aDtN

ln
1þ sin

p
2
a

� �

1� sin
p
2
a

� �
2
6664

3
7775

; (8)

where Dt is the maximum value of the local slip length, a is the fluid
interface fraction, and N denotes the viscosity ratio. The theoretical
predictions based on Eq. (8) are indicated by dashed curves in Fig. 14.
It was found that values of les obtained from current simulations are
larger than predictions of Eq. (8); however, the difference is reduced
with increasing groove width w. For N¼ 32.45, the difference between
the computed les and the theoretical values obtained from Eq. (8)
decreases from 53.47% to 7.60% as w increases from 15.60 to 39.52.
Remarkably, upon further increasing w up to 47.50 in the DPD units,
the difference between measured and predicted values becomes negli-
gible for N> 10.81, as illustrated by the purple diamonds in Fig. 14.

After exploring a wide range of system parameters, two scenarios
were identified for the variation of the effective slippage. Namely,
when the groove width is relatively large, w¼ 47.5 in the DPD units,
and the fluid interface fraction a is 0.75, then the Sch€onecker et al.’s
analysis is applicable, i.e., the effective slip length increases significantly
with the viscosity ratio. By contrast, in the case of narrow grooves, a
free-shear assumption becomes more suitable, i.e., the effective slip-
page is only weakly dependent on the viscosity ratio. These conclu-
sions are reflected in the transition between two slip modes. Although
the local slip length gradually increases and becomes much larger than
the system size at the central region of the LLI for higher viscosity
ratios, the region of unbounded slip is relatively small for an LIS with a

FIG. 13. Variation of the effective slip length les with increasing LLI (or GLI in
the case of SHS) fractions a (N2 ¼ 56:25; N4 ¼ 32:45; N5 ¼ 17:65; andN7
¼ 8:74). The dashed curve is given by Eq. (7).

FIG. 14. The effective slip length les as a function of the viscosity ratio N (w1
¼ 15.60, w2 ¼ 23.57, w3 ¼ 31.55, w4 ¼ 39.52, and w5 ¼ 47.50). The dashed
curves indicate theoretical predictions given by Eq. (8), the vertical dash-dotted line
at N¼ 10.81 denotes a change in the functional dependence of les on N.
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low LLI fraction, and, as a result, its influence on the effective slip is
small. On the other hand, when the size of the region with a large local
slip length increases for an LIS with a high LLI fraction, the effective
slip length becomes more sensitive to the viscosity ratio. Based on
above simulations of flow over periodically grooved LISs, the results
show that wider grooves with higher viscosity ratio could promote the
effective slippage at the LLIs. This can be helpful for the design of LISs
with an enhanced slip in microfluidic systems.

IV. CONCLUSIONS

In summary, a detailed analysis of flows over LISs was performed
where the presence of LLI is essential for enhanced slip and drag reduc-
tion. By including a lateral friction coefficient in the standard MDPD
method, a transverse MDPD scheme was employed to tune the viscosity
of an MDPD fluid over a wide range. This transverse MDPD method
was then used to investigate the behavior of the local and effective slip
lengths for flows over periodically grooved LISs. In the simulation setup,
the channel height was adjusted and, correspondingly, the contact angle
of the LLI at the groove edge to make a flat LLI on top of the groove.
The results indicated a formation of a shear-induced vortex flow inside
the groove and the enhancement of the flow vorticity upon increasing
viscosity ratio between the working and lubricant fluids. Two different
local slip modes at the flat LLI were identified. At small values of the vis-
cosity ratio, the local slip length and shear stress were both finite along
the LLI, resulting in a finite slip boundary condition. By contrast, upon
increasing viscosity ratio, the local shear stress at the central region of
the LLI approaches zero, while the local slip length becomes much larger
than the channel size, leading to a hybrid slip mode (or a hybrid slip
boundary condition at high viscosity ratios).

The effective slip behavior can be broadly divided into two cases.
For LISs with a higher LLI fraction, the effective slip length is a strong
function of the viscosity ratio. When the fluid interface fraction is rela-
tively small, the effective slip is less sensitive to the viscosity ratio.
These changes are reflected in a transition between the two local slip
modes. In the case of a hybrid slip boundary condition, the region of
high slip is relatively small for the LIS with a low LLI fraction, leading
to minor changes in the effective slip. When the region of a large local
slip is expanded for a high LLI fraction, the effective slip length
becomes more sensitive to the viscosity ratio. The simulation results of
this study provides a comprehensive picture of the flow boundary con-
ditions at LISs and can potentially be useful for the optimal design of
structured interfaces with enhanced drag reduction.
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