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Flow inside Micro-Channel Bounded by
Superhydrophobic Surface with Eccentric

Micro-Grooves
Yu Chen, Weiwei Ren, Xiaojing Mu, Feng Zhang, Yi Xu

Abstract—The superhydrophobic surface is widely used to reduce
friction for the flow inside micro-channel and can be used to
control/manipulate fluid, cells and even proteins in lab-on-chip.
Fabricating micro grooves on hydrophobic surfaces is a common
method to obtain such superhydrophobic surface. This study
utilized the numerical method to investigate the effect of eccentric
micro-grooves on the friction of flow inside micro-channel. A detailed
parametric study was conducted to reveal how the eccentricity of
micro-grooves affects the micro-channel flow under different grooves
sizes, channel heights, Reynolds number. The results showed that
the superhydrophobic surface with eccentric micro-grooves induces
less friction than the counter part with aligning micro-grooves, which
means requiring less power for pumps.

Keywords—Superhydrophobic, transverse grooves, heat transfer,
slip length, microfluidics.

I. INTRODUCTION

THE physical dimension of micron-channel is reduced

to accommodate more channels invariably such as in

lab-on-chip applications, leading to larger driving pressure

needed to maintain the flow throughout to overcome the

increased skin friction. It is a challenge to ensure such a high

value of pressure for the micron-scale system, where elasticity

(i.e., compressibility) of the liquid has to be considered, which

can take minutes or even longer to compress liquid in the

chamber [1]. This motivates the utilization of other forms of

driving force (such as electrical force, magnetic forces and

Lorentz forces) and/or the search for drag reduction means to

keep the pressure to a manageable level [1]. It is a common

belief since the beginning of the modern fluid mechanics

that the drag on a smooth surface is always lower than that

on a rough surface [2]-[5]. This is actually not the case as

documented through the development of special drag reducing

surface topographies see recent reviews in [6]).

When the size of (micro) fluid system shrinks, surface forces

such as capillary force become dominant. As such, it can be

used as the driving force and employed to overcome skin

friction by the so-called super-hydrophobic effect [7]. This

is combining the effect of hydrophobicity of the liquid w.r.t.
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surface material and surface topography, with the research

being inspired by the unique water-repellent properties of

the lotus leaf [8]. When a super-hydrophobic surface is

submerged inside a liquid, gas bubbles which are trapped in

microstructures (grooves, post/pillars and pores/holes) on the

solid substrate surface can effectively reduce the shear stress

experienced by the liquid, as the shear between the liquid and

solid is replaced by the shear between the liquid and gas.

The overall effect of super-hydrophobic surface on the

flow is that the original no-slip boundary condition is

transformed into slip boundary condition, and the slip velocity

is proportional to the shear rate at the wall

u|w = λ
∂u

∂y

∣∣∣∣
w

where λ is the slip length [9], [10]. For micro-fluidic or

nano-fluidic devices with super-hydrophobic surface whose

characteristic length scale Lc and slip length λ are both in

the order of micrometers [11], [12], slip has a significant

effect on the flow and drag due to the large Knudsen number

Kn = λ/Lc [13]-[15]. Thus, much works have been focused

on the means to increase the slip length of super-hydrophobic

surface, such as increasing hydrophobicity through changes

in surface chemistry [16]-[20] and correctly shaping the

surface pores/roughness [21]. Normally, the configuration of

roughness on the surface influences the overall drag reduction

significantly, where longitudinal microgrooves are believed to

induce the greatest drag reduction [22]-[25]. It is shown that

the drag reduction and effective slip length becomes greater

for higher shear-free fraction and the reduced relative channel

hydraulic diameter [12], [26]. Davies et al. [26] found that

the effective slip length is closely correlated to the local

streamwise velocity profile and interfacial velocity, where

higher interfacial velocity indicates greater drag reduction and

thus higher slip length. At higher Reynolds number, less drag

reduction is reported for laminar flow [27], [28].

On further work, besides focusing on the surface roughness

shape, the effective slip length is found to be sensitive on the

curvature to the water-air interface, which has been reported

in experimental [29], analytical [30], [31] and computational

studies [29], [32]-[34]. In addition, Kashaninejad et al. [35]

pointed out that microhole eccentricity affects the drag

reduction efficiency of microchannel with super-hydrophobic

surface, which is correlated to the contact angle hysteresis.

Generally, microchannels with super-hydrophobic surface on

both walls induces greater drag reduction and effective slip
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Fig. 1 Computation domain geometry

length than those employed on single wall, and it is not simply

two times as perhaps expected due to the nonlinear interaction

between the two walls [36]. This implies that the nonlinear

interaction between the upper and lower channel walls would

be modified (strengthened/weakened) by the phase shift of

grooves on two walls, resulting in different drag reduction.

However, it is difficult to align the micro-structures on the

upper and lower channel walls due to the low assembling

accuracy for the industrial applications, making it important to

understand how this unalignment influences the performance

of superhydrophobic microchannels. According to authors’

best knowledge, there is few research work investigating how

the phase shift of microstructures on the channel walls affects

the slip length and thermal performance. Thus, this motivates

the current work to study the effect of phase shift of transverse

microgrooves of two walls on overall drag reduction, effective

slip length in microchannels.

The numerical methodology is introduced in Section II, to

be followed by the results on the effect of phase shift on slip

length under different aspect ratio, Reynolds number and shear

free fraction in Section III. Finally, the concluding remarks are

given in Section IV.

II. PROBLEM FORMULATION AND METHODOLOGY

A. Problem Formulation and Governing Equations

As shown in Fig. 1 on the cross section of microchannel, the

incompressible fluid (water) flows inside the channel bounded

by the walls with gas (air) entrapped inside grooves. The

flow is assumed to be laminar and steady, and the water-gas

interface is assumed flat. The x-direction is the flow direction

where a pressure gradient is applied to drive the flow, the

y-direction is the direction of the channel height, and the

origin is at the center of channel. The transverse grooves are

arranged in a periodic array along the x-direction, therefore

the flow is also periodic and two dimensional. As such, the

computational domain can be simplified as two-dimensional,

and the governing equations are given as follows:

∂ρui

∂xi
= 0 (1)

∂ρuiuj

∂xi
= − ∂p

∂xj
+

∂

∂xi

(
μ
∂uj

∂xi

)
(2)

where p is the pressure.

Relative channel’s aspect ratio

L =
E

Dh
=

E

4H
,

Dimensionless shear free fraction

δ =
e

E
,

Dimensionless phase shift

ε =
Δ

E
,

where e is the shear-free region length, E is the module length,

Δ is the shift length of the shear-free regions on the upper wall

w.r.t. the lower wall, Dh is the channel’s hydraulic diameter

(Dh ≈ 4H), and H is the half channel height.

Reynolds number

Re =
ρUavgDh

μ

where the average bulk velocity Uavg =
∫ H
−H

Udy

2H , and

Periodic boundary conditions for the velocity are set at the

inlet and outlet of the computational domain (x = ±E/2):

uin = uout; vin = vout; No-slip boundary condition is set in

the solid region along the upper and lower walls (y = ±H):

u = v = 0, T = Tw; while shear-free boundary condition is

set in the gas region ∂u/∂y = ∂v/∂y = 0.

Following the approach of other previous works [e.g. 26],

the effective slip length λ is defined to characterize the

friction reduction arising from the superdydrophobic surfaces

by matching the flow resistance of the channel with slip

boundary velocity as

u|w = λ
∂u

∂y

∣∣∣∣
w

.

The normalized effective slip length λ/δe and the friction

coefficient-Reynolds number product fRe are related via [26]

λ

δe
=

1

Lδ2

(
8

fRe
− 1

12

)
. (3)

Note that fRe = 96 for the completely no-slip channel, thus

the slip length becomes zero, which is consistent with (3). The

Darcy friction factor f is defined as

f =
ΔPDh
1
2ρU

2
mE

.

where ΔP is the pressure loss, Um is the bulk flow velocity

Um =
∫ H
−H

Udy

2H .

Note that the water-air interface is assumed flat under

infinite surface tension in the current study, as most of

previous computational studies did [28], [36], [33]. This

idealized assumption makes the computations easier and helps

to understand the mechanism of the phase shift effect without

loss of generality.
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Fig. 2 Validation of numerical results in terms of friction coefficient fRe
with different shear free fraction at L = 1 and Re = 1

B. Numerical Validation
Before the investigation propes, the accuracy of the

assembled numerical code is tested vis-a-vis the smooth

channels with slipless surface. In the specific implementation

process, a staggered grid is used for the finite volume

discretization, while the central difference scheme is employed

for the spatial derivatives. The Crank-Nicolson scheme is

applied for temporal discretization to advance solution from

one time step to the next. The pressure field is updated by

solving the Poisson equation to satisfy the continuity equation.

This methodology and the code of flow solver has been

employed and validated by the authors’ previous publications

[37]-[39].
For convenience of comparison, the product of friction

coefficient f and Reynolds number Re (fRe) was used

to validate the numerical code. As shown in Fig. 2, fRe
approaches the analytical solution 96 when shear free fraction

goes to zero and match well with the published results [40],

[33]. It attests to the accuracy of the numerical code and is

suitable for simulation of flow inside the superhydrophobic

microchannel.

III. RESULTS AND DISCUSSION

In this section, the effect of phase shift ε between upper and

lower super-hydrophobic sections on the effective slip length

λ/δe is studied and discussed. Generally, the nondimensional

effective slip length λ/δe depends on the channel’s aspect

ratio L, shear free fraction δ, and the working condition like

Reynolds number Re. Thus, the modulation effect of phase

shift ε on the frictional and thermal performance can be

expected. So, the variation of slip length λ/δe due to phase

shift ε are investigated at different aspect ratio L, Reynolds

number Re and shear free fraction δ as shown in Table I.

Note that the parameters set in Italic (at L = 2, Re = 1,

and δ = 0.5) are chosen the reference case to show how

these parameters affect the performance of the microchannel

with different phase shift. The friction reduction capability is

investigated in terms of nondimensional slip length λ/δe.

A. Aspect Ratio
The aspect ratio L dramatically influences the overall

friction coefficient of microchannels, and hence affects the

TABLE I
PARAMETERS OF INVESTIGATED MICROCHANNELS AT DIFFERENT PHASE

SHIFT ε = 0, 0.1, 0.2, 0.3, 0.4 AND 0.5

Parameters
aspect ratio L 0.25, 0.5, 0.8, 1, 1.25, 1.6, 2, 2.5
shear free fraction δ 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 0.9, 0.95
Reynolds number Re 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000

slip length λ/δe (Teo & Khoo, Cheng et al. 2012). So, it is

logical to study how the phase shift modulate the slip length

at different aspect ratios.

Fig. 3 demonstrates the variation of slip length λ/δe due to

phase shift at different aspect ratio from 0.25 to 2.5. Herein,

a typical shear free fraction δ = 0.5 is chosen and both low

and high Reynolds numbers at Re = 1, 1000 are studied for

simplicity without loss of generality. It can be seen from Fig.

3 that the effective slip length λ/δe increases with phase shift

ε at the same aspect ratio. In addition, the variation of the

effective slip length λ/δe due to the phase shift ε becomes

greater at high aspect ratio. Similarly, comparison of the results

at the two different Reynolds numbers Re = 1 and 1000

demonstrates that phase shift has much more obvious effect on

slip length at relatively low Reynolds number (Re = 1), which

is also the most pertinent working conditions for microchannel

flows. It is observed that the effective slip length λ/δe with

zero phase shift decreases with the aspect ratio L for both

low and high Reynolds numbers. However, the effective slip

length is dramatically increased by shifting ε at low Reynolds

number (Re = 1) and high aspect ratio (see Fig. 3(a)). Such

changes in slip length due to phase shift (difference between

ε = 0 and 0.5) gradually increases within L = 0.25–1.2 and

then almost remains as an constant for L = 1.2–2.5. So the

highest slip length is achieved at L = 1.2 and ε = 0.5 for

Re = 1, where the increase of slip length due to the change

in phase shift overcomes the decrease of slip length due to

the increase of aspect ratio. Thus, an interesting phenomenon

found is that λ/δe increases then decreases with aspect ratio L
at high enough phase shift (ε > 0.3). Conversely, the original

decreasing trend of slip length against the aspect ratio for the

reference case (with ε = 0) is maintained at high Reynolds

number (Re = 1000, see Fig. 3(b)) with nonzero phase shift.

B. Reynolds Number

Though microchannels are normally operating at relatively

small Reynolds number (Re < 1), it is still worthwhile to

investigate the effect of phase shift on the slip length at

different Reynolds numbers ranging from Re = 1 to 1000.

Fig. 4 demonstrates the variation of the effective slip length

λ/δe due to phase shift ε at different Reynolds number for

aspect ratio L = 0.25, 2 and a typical shear free fraction at

δ = 0.5. It is shown that the effect of phase shift on slip length

is quite negligible at all Reynolds numbers ranging from 1 to

1000 for small aspect ratio (L = 0.25, see Fig. 4(a)). It is also

observed that the slip length λ/δe is significantly increased

by shifting the shear free section for high aspect ratio (L = 2,

see Fig. 4(b)). Such increase of slip length is more obvious at

relatively low Reynolds number (Re = 1–10), and gradually
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Fig. 3 Variation of the slip length λ/δe due to phase shift ε at different aspect ratio L for Re = 1, 1000 and δ = 0.5
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Fig. 4 Reynolds number effect on the slip length λ λ/δe at L = 0.25, 2 and δ = 0.5

drops to a low level while Reynolds number increases up to

1000.

Combining with the findings in the previous section, it can

be concluded that the phase shift increases the slip length

more significantly at high aspect ratio (L = 1–2.5) and low

Reynolds number Re = 1–10.

C. Shear Free Fraction

Besides the aspect ratio and Reynolds number, the effect

of phase shift on slip length at different shear free fraction is

investigated and presented in Fig. 5.

As perhaps expected, the variation of slip length due to

the phase shift is extremely small at low aspect ratio or

high Reynolds number (see Figs. 5(a), (c) and (d)), while the

variation of slip length is significant only when the aspect

ratio is high and Reynolds number is low (see Fig. 5(b)). The

increases of slip length induced by phase shift at different

shear free fraction are of the same order for L = 2 and

Re = 1 with wide shear free fraction ranging in the interval

0.3 < δ < 0.95 (see Fig. 5(b)), thus the trend of slip length

against the shear free fraction is broadly unchanged by the

phase shift although the higher shear free free fraction induces

greater slip length.

D. Summary

From the above discussions on the variation of slip length

due to phase shift at different aspect ratio, Reynolds number

and shear free fraction, it is found that the phase shift

significantly increases the slip length at relatively high aspect

ratio (L > 1) and low Reynolds number (Re < 10) for very

wide shear free fraction range (0.3 < δ < 0.9).

IV. CONCLUSION

In this paper, a numerical study on the flow inside

microchannel with superhydrophobic walls with rib-groove

structures was conduced based on the developed CFD tool,

to study the effect of phase shift of grooves between

the upper and lower walls. The numerical results showed

that the shifted grooves on the upper and lower walls

can increase the effective slip length by up to 100%

especially for the high aspect ratio (L = 2), low Reynolds

number (Re = 1) within a wide shear free fraction range

(δ = 0.05–0.95). In conclusion, shifting the transverse

grooves on the upper and lower walls of superhydrophobic

microchannel can further increase the slip length (reduce

the friction). In the future, the experimental investigation is

required to further confirm the accuracy and feasibility of

the numerical findings in this study. The curvature of the

air-water interface including its surface tension effect also
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Fig. 5 The effect of the fraction of slip space δ on the slip length λ/δe at Re = 1, 1000 and L = 0.25, 2

needs to explored. Besides, superhydrophobic microchannel

with non-aligned/shifted longitudinal grooves shall also be

investigated similar to the transverse grooves herein.
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