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Abstract
Slippery hydrodynamics in grooved hydrophobic microchannels is known to be primarily dictated by the area of the gas–liq-
uid contact surface. Here, we augment this classical notion by bringing out the critical role played by the channel dimensions 
on the underlying slip mechanisms and the consequent drag reduction. Our analysis, towards this, reveals the non-trivial 
implication of gas–liquid interface topology and its position inside the groove towards dictating the underlying frictional 
characteristics, which in turn is largely dependent on the confluence of the channel hydraulic diameter and the groove width. 
These results may turn out to be of immense consequence towards arriving at preferred frictional drag characteristics of 
hydrophobic microchannels and nanochannels by judicious choices of the pertinent geometric parameters.
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1 Introduction

Superhydrophobic surfaces (SPHs) have drawn great inter-
est due to remarkable developments in their applications in 
microfluidic and nanofluidic arena, including the develop-
ment of self-cleaning (Fürstner et al. 2005) and bio-fouling 
surfaces (Genzer and Efimenko 2006), biomimetics (Liu 
and Kim 2014; Nosonovsky and Bhushan 2009), frictional 
drag reduction (Jung and Bhushan 2009), filtration (Holt 
2006), desalination (Zhao et al. 2013), energy conversion 
(Chakraborty et  al. 2013), and biomolecule sequencing 
(Chen et al. 2018). Superhydrophobicity is a phenomenon 
that results from a combination of hydrophobicity and 
micro/nano roughness (Ou and Rothstein 2005). Numerous 
studies have been dedicated to quantify the reduction in the 
skin-friction drag on submerged objects or microchannels 
with superhydrophobic surfaces (Lauga and Stone 2003; Lee 
and Choi 2008; McHale et al. 2009; Ou and Rothstein 2005).

Several experimental and numerical studies have 
been conducted on microchannels with different 

superhydrophobic surfaces with the primary goal to reduce 
the frictional drag. The design of superhydrophobic surfaces 
can be longitudinal or transverse (Cheng et al. 2015; Davies 
et al. 2006; Maynes et al. 2007; Ng and Wang 2009; Teo 
and Khoo 2014) depending on the flowing fluid direction. 
In a superhydrophobic microchannel, the pressure drop can 
be reduced up to 40% with an apparent slip length larger 
than 20 µm using ultrahydrophobic micropost surfaces (Ou 
et al. 2004). However, hydrophobic surfaces without rough-
ness are unable to produce significant drag in laminar flow 
condition. The drag reduction of flow over ultrahydrophobic 
micro-scale ridges can be attributed to the slip along the 
shear-free air–water interface between two adjacent ridges 
(Ou and Rothstein 2005), as the flowing liquid cannot pen-
etrate that cavity regions, resulting in a significant reduction 
at the surface contact area between the flowing liquid and the 
solid wall (Woolford et al. 2005). Therefore, a considerable 
reduction in the frictional pressure drop can be achieved. A 
maximum effective slip length of 20 µm was obtained using 
needle-like roughness with varying height and submicron 
periodicity (i.e., pitch) (Choi and Kim 2006). The effective 
slip length significantly depends on the interface curvature 
or the contact angle at the triple line/point (Chakraborty 
et al. 2012; Teo and Khoo 2010; Tsai et al. 2009). The het-
erogeneities of the confining walls in microfluidic channel 
influence the contact angle. Hence, the wetting condition of 
the wall surface has significant impact on the contact line 
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movement (Chakraborty et al. 2012). Also, the surface char-
acteristics have pronounced influence on the pressure-driven 
liquid transport through microchannels (Chakraborty 2007).

Further, experimental analyses of fluid flow in square, 
trapezoidal, and U-shaped SPHs microchannel were con-
ducted. It was revealed that the slip behaviour depends on 
the geometric features of the confinement, which in turn is 
defined by the air–water interfacial topology and has impact 
on the Poiseuille number (Gaddam et al. 2015). A maxi-
mum of approximately 22% reduction on Poiseuille num-
ber, as compared to the plain channel scenario, was found 
at Re = 25. For a predefined air–water interface in different 
microgroove geometries, a slight reduction in the pressured 
drop was observed with increasing inlet velocity and a sig-
nificant drag reduction could be achieved by increasing the 
cavity fraction (Li et al. 2016). A maximum of 15% pressure 
drop reduction was observed in parabolic type superhydro-
phobic surfaces. However, the amount of drag reduction 
decreased with Reynolds number and an order of 10% drag 
reduction was achieved on a hydrofoil with superhydropho-
bic coating (Gogte et al. 2005). Further, a drag reduction of 
35% was found in a cylindrical microchannel fabricated by 
replicating lotus leaf structures on internal walls (Das and 
Bhaumik 2018). In a very recent study, solar photovoltaic/
thermal (PV/T) systems were analyzed and an amount of 
19% drag reduction was achieved for better solar collection 
with minimal fluid flow resistance (Motamedi et al. 2019).

In addition, the effect of wall confinement along with 
roughness pattern on the fluid slip was found significant. 
Pressure drop reductions as large as 35% were observed for 
a channel height, H = 76.2 μm with an ultrahydrophobic sur-
face having a regular array of d = 30 μm square microposts. 
The pressure drop reduction was found to decrease linearly 
with increasing channel height (Ou et al. 2004). Similarly, 
it was observed that for longitudinal grooves, the channel 
wall confinement has positive influence on the effective slip 
properties; whereas, the transverse grooves have negative 
impact (Cheng et al. 2009). It was found that the pressure 
drop reduction rate decreased with increasing microchan-
nel height, and an amount of 10.35% reduction on pressure 
drop was attained in a microchannel of hydraulic diameter 
of 160 μm (Li et al. 2016). An experimental and numeri-
cal analysis suggested that no-slip boundary condition is 
more efficient to predict the frictional characteristics of the 
air–water interface than a shear-free one, which is widely 
assumed (Kim and Hidrovo 2012). Furthermore, it was noted 
by the authors that a substantial friction reduction (in the 
order of 15–18%) can be achieved in a rectangular micro-
channel with regular microtexturing on the sidewalls under 
fully wetted conditions. However, the hydrophobic micropo-
sts/ridges are distributed randomly in reality and also resem-
bles the natural superhydrophobic surfaces (Samaha et al. 
2011). A maximum of 30% drag reduction can be obtained 

at a gas fraction of 0.98; however, the gas fraction strongly 
influences the meniscus stability. Thus, a very careful inves-
tigation is needed before fabricating such superhydrophobic 
surfaces.

While the area of the gas–liquid contact surface has been 
proved to be one of the explicit influencing factors towards 
achieving drag reduction over superhydrophobic grooves, 
the implicit role played by the confining channel dimen-
sions has not been critically investigated. Here, the same 
is addressed for incompressible flow in the continuum flow 
regime [Knudsen number (Kn) < 0.01], for which the effect 
of confluence of the width of superhydrophobic grooves and 
the confinement dimensions on the dynamic behavior of 
air–liquid interface, slip characteristics, and corresponding 
drag reduction are highlighted. A two-dimensional numeri-
cal model is developed by considering incompressible, New-
tonian, laminar two-phase fluid flow to study the effect of the 
pertinent characteristic dimensions. Our results may turn out 
to be of immense consequence towards arriving at preferred 
channel dimensions for obtaining desired slip characteristics 
over miniaturized superhydrophobic grooves.

2  Definition of the physical problem

Figure 1 depicts the schematic illustration of the two-dimen-
sional computational domain along with the boundary con-
ditions. A plain microchannel of depth, D and length, L is 
used in the present numerical analysis. The hydraulic diam-
eter, Dh = 2D is varied as, Dh = 600 μm, 60 μm, 6 μm, and 
600 nm to study the effect of transformation of microchannel 
to nanochannel on interface behavior, slip characteristics, 
and corresponding drag reduction. The least dimension is 
so chosen so as to confirm the justification of continuum 
formulation as adopted in the present study. At the bottom 
and top surfaces of the plain microchannel, triangular groove 
is introduced along the length of the channel. The geometry 
of the triangular microgroove is defined by its width (w) and 
height (H), where w is varied as, w/Dh= 0 (plain channel), 
0.033, 0.067 and 0.133 and H is taken constant as, H/Dh= 0 
(plain channel) and 0.167. The velocity of incoming liquid 
or the free stream velocity, U∞ is kept constant according 
to a fixed Reynolds number, Re = 1. The Reynolds number 
is defined based on the hydraulic diameter of the channel, 
Dh as,

where, �l and �l are density and dynamic viscosity of the liq-
uid phase. In the present study, the limits of Knudsen num-
ber (Kn) and Mach number (Ma) are kept as Kn < 0.01 and 
Ma < 0.3, to treat the flow as incompressible in continuum 

(1)Re =
�lU∞Dh

�l

,
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flow regime; thus, the Reynolds number and the minimum 
value of hydraulic diameter in this study are limited to Re 
= 1 and Dh ≥ 600 nm. The physical properties of water and 
air considered in the present analysis are given in Table 1.

It is assumed that the considered groove height is suffi-
cient to hold up the liquid against the pressure of liquid (Pl) 
over gas pressure (Pg). Using geometrical calculation and the 
Laplace–Young equation, the post height H can be obtained 
as follows (Choi and Kim 2006),

At the initial stage (t− = 0) , the computational domain is 
occupied by air and water is then (t+ = 0) allowed to flow 
through the channel from the inlet.

3  Mathematical formulation

The volume of fluid (VOF) method (Hirt and Nichols 
1981) is used in this study to investigate the two-phase flow 
(air–water) behavior in the superhydrophobic microchannel 
patterned with transverse triangular microgrooves on the 

(2)H >
1 − sin (𝜃 − 𝛽)

2|cos (𝜃 − 𝛽)|
w.

top and bottom surfaces. The governing equations for mass, 
momentum and volume fraction are written assuming liquid 
and vapor as incompressible and Newtonian fluids. The VOF 
method models the flow by solving the momentum equation 
for the two fluids as if they were a homogeneous mixture; 
thus, density and velocity are volume-averaged. Hence, the 
volume-averaged continuity equation can be written as,

The volume of fluid in a cell is computed as,

where, Vcell is the volume of a computational cell. The range 
of ϕ in a cell is 0–1. ϕ =1, if the cell is occupied by the fluid, 
whereas ϕ = 0 if the cell is filled with the void phase. At the 
interface, the value of ϕ is between 0 and 1. The scalar func-
tion ϕ can be determined from a separate transport equation, 
which is transported in a purely convective manner and is 
in the form of,

A counter-gradient transport scheme along with an alge-
braic approach is used in OpenFOAM (interFoam solver) to 
advect the volume fraction, ϕ (Weller 1993). A compressive 
term is then incorporated by this technique in α advection 
equation, (Eq. 5) to retain the conservativeness, convergence 
and boundedness (Weller 2008). Thus, the advection equa-
tion, (Eq. 4) is expressed as,

(3)∇.
(
𝜌u⃗

)
= 0.

(4)Fvol = �Vcell,

(5)𝜕�

𝜕t
+ ∇.

(
u⃗�

)
= 0.

(6)𝜕�

𝜕t
+ ∇.

(
u⃗�

)
+ ∇.

(
�
(
1 − �

)
Uc

)
= 0,

Fig. 1  Schematic representation of the present numerical domain and the boundary conditions with an enlarged view of a triangular micro/nano 
groove

Table 1  Thermophysical properties of water and air in simulations

Material Density, ρ (kg/
m3)

Dynamic viscosity, μ 
(kg/m s)

Surface 
tension, σ 
(N/m)

Water 998.2 1.003 × 10−3 0.0727
Air 1.225 1.789 × 10−5 –
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where Uc is a compressive velocity field suitable to compress 
the interface. This artificial term is active only at the gas–liq-
uid interface region due to the term ϕ (1 − ϕ) and to avoid 
any dispersion, the compressive velocity acts in the direction 
normal to the interface. Thus, to satisfy the above condition, 
the compression velocity is multiplied by (∇ϕ/|∇ϕ|) and can 
be expressed as,

where, c∅ is a constant known as compression factor, which 
is used to improve the compression.

The volume fraction advection equation is solved using 
an additional limiter to cut-off the face fluxes at the critical 
values. The volume fraction convective term is calculated 
using the Van Leer second order total variation diminish-
ing scheme (TVD) (Van Leer 1979), while the compres-
sive term is discretized using the interface compression 
scheme described by (Weller 2008).

An infinitesimally small interface between two phases 
exists according to the theory; however, a region with sub-
microscopic width in space represents that interface in 
reality. Thus, the interface needs to be resolved sharply. 
To accomplish this, a very common practice of a fine mesh 
resolution is adopted, at least in the regions of free-sur-
face motion. To ensure boundedness of the phase fraction, 
independent of the numerical discretization schemes, the 
VOF method that is implemented in the present analysis 
does not solve Eq. (6) implicitly, rather uses a multidimen-
sional universal limiter with explicit solution (MULES) 
algorithm (Greenshields 2015; Rusche 2003).

It is important to note that the mass is globally con-
served in spite of the local source terms. Total amount of 
mass that is removed on the liquid side of the interface 
reappears on the vapor side. Thus, the momentum balance 
equation can be written as,

where ρ and μ are the average density and absolute viscosity 
in a cell, respectively, and they depend on the density and 
viscosity of each fluid at the cell and are defined as,

The subscripts l and g, signify liquid and gas, respectively.
No additional source term is needed to account for the phase 

change in the momentum balance equation. The momentum 
source term, f⃗S in Eq. (8) represents volumetric surface tension 
force. The surface tension is a force, acting only at the surface 

(7)Uc = min
(
c�
||u⃗||, max

(||u⃗||
)) ∇�

||∇�||
,

(8)𝜕u⃗

𝜕t
+ 𝜌

(
∇.u⃗

)
u = −∇p + ∇.(𝜇∇u) + f⃗S,

(9)� = ��l +
(
1 − �

)
�g,

(10)� = ��l +
(
1 − �

)
�g.

that is required to maintain equilibrium in such instances. It 
acts to balance the radially inward inter-molecular attractive 
force with the radially outward pressure gradient force across 
the surface. In regions where two fluids are separated, but one 
of them is not in the form of spherical bubbles, the surface 
tension acts to minimize free energy by decreasing the area 
of the interface. It can be shown that the pressure drop across 
the surface depends on the surface tension coefficient, σ and 
the surface curvature as measured by two radii in orthogonal 
directions, R1 and R2;

where, Pl − Pg is the pressure difference across the interface. 
The volumetric surface tension force is calculated using the 
continuum surface force model (CSF) without the density 
averaging proposed by (Brackbill et al. 1992),

where, n is a unit vector normal to the interface and k is the 
curvature of the interface. The calculation procedure of n 
and k is discussed in next.

3.1  Normal and curvature calculation

The accurate calculation of normal (n) and curvature (k) from 
updated value of ϕ from Eq. (6) is of utmost importance to 
develop a precise interface curvature (Malik et al. 2007). In the 
present model, the height function (HF) technology (Cummins 
et al. 2005; Francois et al. 2006; Sussman 2003) is adopted for 
calculating interface normal and curvature from well-resolved 
volume fraction data. The HF technology is implemented only 
at the interface cells (0 < ϕ < 1), where each interface cell is 
further divided into number of sub-cells (stencils). In the pre-
sent model, the interface cell is constructed by either 7 × 3 
or 3 × 7 stencils as shown in Fig. 2 (Afkhami and Bussmann 
2008; Malik et al. 2007). The number of stencils allocated 
along the direction normal to the interface and then fluid 
height (h) is calculated by integrating the volume fraction of 
each stencils located along the normal to the interface and is 
expressed as (Malik et al. 2007),

where, Δcell is the size of the interface cell at location (i,j).
The final value of cell-centered normal, ncell and curva-

ture, kcell are calculated using the value of height, h as,

(11)Pl − Pg = �

(
1

R1

+
1

R2

)
,

(12)f⃗S = Pl − Pg = 𝜎kn,

(13)hm =

n=j+3∑

n=j−3

�i,nΔcell, m = i − 1, and i + 1,

(14)ncell =

[
hi+1 − hi−1
−2Δcell

]
,



Microfluidics and Nanofluidics (2020) 24:23 

1 3

Page 5 of 15 23

where, hx and hxx are the discretized functions and the sec-
ond-order central difference scheme is used to discretize. 
Thus, hx and hxx are expressed as;

It is worth to mention here that the values of normal, 
n and curvature, k are calculated above are cell-centered; 
however, the face-centered values of n and k are required to 
calculate the surface tension force in Eq. (12). Thus, the cell-
centered values are averaged to acquire the face-centered 
values.

3.2  Initial and boundary conditions

Initially, at t = 0, the phase fraction in the numerical domain 
(x  = 0 to L and y  = 0 to (D + 2H)) is ϕ = 0.

The velocity boundary condition is applied at the inlet 
of the channel and is expressed as,

(15)kcell =
hxx

(
1 + h2

x

)3∕2 ,

(16)hx =
hi+1 − hi−1

2Δcell

,

(17)hxx =
hi+1 − 2hi + hi−1

Δ2
cell

.

(18)At x = 0, u(y) = U∞.

At the outlet, pressure condition is considered with 
pressure gradient zero,

At the top and bottom surfaces, no-slip boundary condi-
tion is applied along with zero-gradient volume fraction,

where, n̂ is the unit normal.
It needs to be noted that in the present study, the adhe-

sion (contact angle) between the wall and interface (at the 
triple point) is not implemented using the static contact 
angle as the boundary condition. Rather, to model the wall 
adhesion between wall and interface (at the triple point), 
we adopt a zero-gradient 

(
��

�n

|||wall = 0
)

 type of boundary 
condition on volume fraction (ϕ). Since the contact angle 
description is not a pre-requisite of the implementation of 
the present method, an explicit advantage turns out to be 
obviating the needs of addressing contact angle hysteresis 
through prescribed sets of boundary conditions. Rather, 
the coupling of confinement, wettability and channel 
geometry implicitly takes care of this phenomenon via the 
adopted numerical procedure.

The present numerical analysis is executed in an open 
source CFD package, OpenFOAM (Greenshields 2015; 
Holzmann 2016). A multiphase solver interFoam is used 
to evaluate the two-phase flow behavior in the superhydro-
phobic microchannel. For the solution of two-phase equa-
tions of flow, the interFoam solver employs finite-volume 
discretization on the mixed collocated and staggered grids. 
The flow variables are cell centered; however, their face-
interpolated values are also used in the solution procedure. 
In the present study, the HF technology is used to calculate 
normal, n and curvature, k that are further used to compute 
the value of surface tension force. The HF technology is 
developed in the existing multiphase solver, interFoam in 
OpenFOAM.

The PIMPLE scheme (Greenshields 2015; Holzmann 
2016), which is a combination of PISO (Pressure Implicit 
with Splitting of Operator) and SIMPLE (Semi-Implicit 
Method for Pressure-Linked Equations) is used for pres-
sure–velocity coupling. The time-derivative terms are 
discretized using a first-order implicit Euler scheme, con-
trolling the time step by setting the maximum Courant 
number to 0.5. All the divergence and gradient terms are 
discretized using the second-order Gaussian linear integra-
tion scheme with van Leer limiter (Van Leer 1977). The 
solution is considered to be converged once the residuals 
reach  10−6 for the continuity and  10−9 for the pressure cor-
rection. The convergence criteria are chosen after conduct-
ing adequate convergence independence studies.

(19)At x = L, ∇p = 0.

(20)u(x) ⋅ n̂ = Uw ⋅ n̂ = 0 and
𝜕�

𝜕n

||||wall
= 0,

Fig. 2  A 7 × 3 stencil used in the HF technology to calculate interface 
height
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3.3  Validation of the present numerical model

The triangular microgroove is used as a superhydrophobic 
surface (roughness) in the present study at very low Reynolds 
number (Re = 1) for investigating the effect of domain confine-
ment on the air–water interface shape and position and the 
corresponding pressure drop numerically, by employing the 
volume of fluid (VOF) approach. The present numerical model 
is validated with the published experimental and numerical 
results of flow through a microchannel with square/rectangu-
lar microgrooves/microposts employed as a superhydrophobic 
surface. For the quantitative assessment, the normalized slip 
length of a microchannel with square micropost is considered 
(Cheng et al. 2009; Maynes et al. 2007). The normalized slip 
length can be calculated using the pressure drop, ΔP and mass 
flow rate, ṁ within the microchannel and can be expressed as 
(Cheng et al. 2009),

The pressure drop can also be written in the non-dimen-
sional form represented by Poiseuille number, fRe. In a 
steady, incompressible, laminar flow in a channel with 
smooth walls, fRe is expressed as (Cheng et al. 2009),

(21)
ls

D∕2
=

8𝜇ṁ

𝜌ΔPD3
−

1

3
.

(22)fRe =
2ΔpD2

h

U∞�lL
.

The normalized slip length is then calculated using Poi-
seuille number as,

The comparison between the present calculated normal-
ized slip length and published experimental and numerical 
slip lengths for a regular array of 30 μm square microposts 
at Re = 1 is depicted in Fig. 3. The gas fraction (Fg) is varied 
as 0.5 ≤  Fg < 1. The gas fraction is defined as, Fg = w/w + d, 
where d is the gap between two successive microposts. It is 
observed that the present numerical model is in good agree-
ment with the experimental data (Ou et al. 2004). It is also 
found that the slip length calculated by the present model 
is more accurate than that predicted by Cheng et al. (2009). 
The discrepancy in the prediction by Cheng et al. may be the 
result of predefined flat interface as well as the slip bound-
ary assumption at the interface (Maynes et al. 2007; Cheng 
et al. 2009). When the interface is predefined as flat and the 
slip boundary condition is implemented at the interface in 
the transverse grooved microchannel, it can be seen that the 
present numerical model shows better agreement with the 
numerical data presented by Cheng et al. 2009 for all the 
considered values of Fg.

(23)
ls

D∕2
=

32

fRe
−

1

3

Fig. 3  Validation of the present 
numerical study with reported 
numerical and experimental 
studies
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4  Results and discussions

4.1  Effect of channel confinement on velocity 
distribution

The effect of channel confinement on the averaged (time 
and space) normalized velocity (u* = u/Umax) distribution 
along the height of the channel for Re=1 is depicted in 
Fig. 4. The velocity is normalized by the centerline velocity 
(Umax) corresponding to the classical laminar flow in the 
smooth microchannel. The non-dimensional groove width 
is adopted as w/Dh= 0.033, and the groove height is kept 
fixed for all the cases at H/Dh = 0.167. Also, the velocity 
profile of plain channel, Pch (smooth wall) of Dh= 6 μm is 
shown along with the superhydrophobic micro/nano chan-
nel to differentiate the characteristic of velocity profile in 
the superhydrophobic micro/nano channel. One case of 
plain channel, Dh= 6 μm is shown here, as no variation is 
observed in the non-dimensional velocity profile for differ-
ent values of Dh. It is observed that the velocity distribution 
is of parabolic shape for all the considered cases. As the 
shear stress is less at the mid-section of the channel, the 
maximum non-dimensional velocity is found at the middle 
of the channel for all the considered cases. When the supe-
rhydrophobic micro/nano groove is introduced, the velocity 
near the wall (at y/D = 0 and y/D = 1) is more than that of 
the Pch, which signifies less wall shear stress developed in 
the superhydrophobic micro/nano channel due to the exist-
ence of gas layer. The velocity at near-wall region reduces 
with increasing Dh. When the channel is converted from 
micro- to nano-scale, the wall effect is less prominent on 
the flow and the wall shear stress decreases. The distance 
between the vertical parallel walls decreases with decreas-
ing Dh, and the superhydrophobic surface area-to-fluid 
volume ratio increases. As a result, minor viscous effect is 
experienced by the flowing fluid when the channel hydrau-
lic diameter is reduced.

In addition, a negative velocity zone or a recircula-
tion zone of fluid inside the groove is observed for all the 
cases of considered Dh. For better visualization, an inset 
view of recirculation zone is shown in Fig. 4a and also an 
enlarged view of square dotted zone in red color shown in 
Fig. 4a for w/Dh= 0.033 is depicted separately in Fig. 4b. 
This negative velocity zone confirms that the fluid flow in 
the groove is in the opposite direction of the main flow. 
The counteracting velocity or the vortex is formed due to 
flow continuity needs to be satisfied within the fluid that 
is trapped inside the triangular grooves. A similar obser-
vation is also found in earlier studies (Dey et al. 2018; 
Schäffel et al. 2016). The depth of the recirculation zone 
of trapped air decreases with increasing Dh. This decrease 
in depth of negative velocity zone is a consequence of 

wall confinement effect on the same mass of fluid that 
flows within the channel with different values of Dh. In a 
higher Dh channel, the core flow zone is more and a lesser 
kinetic energy is transferred to the trapped gas and thus a 
smaller recirculation zone is observed to satisfy the con-
tinuity. Moreover, it is found that the velocity is not zero 
at the location where the plain walls exist, i.e., at y/D = 0. 
This characteristic reveals the existence of slip boundary 
condition at the solid–liquid interface for all the consid-
ered superhydrophobic micro/nano channel cases. The 
same phenomenon is also observed for the higher value of 
groove widths, w/Dh= 0.067 and 0.133. However, the recir-
culation zone and slip characteristics are more prominent 
in the higher groove widths, which are discussed later for 
all the considered configurations.

4.2  Effect of groove width on velocity distribution

The non-dimensional groove width is varied as w/Dh =  0 
(plain channel), 0.033, 0.067 and 0.133 and its effect on 
the velocity profile at Re = 1 for two different values of 
Dh = 600 nm and 600 μm in the vicinity of the micro/nano 
grooves is shown in Fig. 5. As discussed earlier, the veloc-
ity profile is of parabolic shape for all the non-dimensional 
micro/nano groove configurations and for both the Dh val-
ues. After introducing the micro/nano grooves at the top and 
bottom walls of the plain micro/nano channel, the velocity 
near the wall region (at y/D  = 0 and y/D  = 1) increases than 
the plain micro/nano channel (w/Dh = 0). The increment in 
velocity in these superhydrophobic micro/nano channels is 
due to the slip produced by trapped gas layer on the flowing 
liquid. It is observed that this near-wall velocity increases 
with increasing non-dimensional groove width for both 
the cases of Dh= 600 nm and 600 μm. When the micro/
nano groove width is increased, the gas–liquid contact area 
increases and consequently, less wall shear stress is devel-
oped. As a result, flowing liquid experiences less frictional 
resistance and attains a larger velocity.

Moreover, within the superhydrophobic grooves, recir-
culation zone of trapped gas is also observed for all the 
considered cases as discussed earlier. For better visualiza-
tion of recirculation zone for Dh= 600 μm, an inset view 
of recirculation zoned is shown in Fig. 5b. It is observed 
for both the micro and nano channels that the width and 
depth of the recirculation zone increase with increasing 
groove width. A large amount of air is trapped inside 
the wider grooves resulting in the decrease in wall shear 
stress and thus a larger recirculation zone is observed to 
satisfy the continuity. At the vicinity of the wall, the fluid 
velocity is non-zero for every width case, which signi-
fies the slippage of liquid flow over the trapped gas layer 
inside the triangular grooves. Whereas, a zero velocity is 
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Fig. 4  a Non-dimensional 
velocity distribution for dif-
ferent values of Dh and b an 
enlarged view of velocity profile 
at near wall region
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Fig. 5  Effect of groove width 
on velocity profile for a 
Dh = 600 nm (nanochannel) and 
b Dh = 600 μm (microchannel)

(a)

(b)
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found in the plain channel for both the hydraulic diameter 
conditions.

4.3  Effect of channel confinement on slip properties

The effect of superhydrophobic triangular micro/nano 
grooves on the slippage of fluid flow over the trapped gas 
layer is characterized by the slip properties. The variation 
of normalized slip length (ls/(Dh/2)) and normalized slip 
velocity (us/Umax) for different groove widths and channel 
hydraulic diameters is shown in Fig. 6a, b, respectively. The 
slip length is normalized by the hydraulic diameter, Dh and 
the slip velocity is normalized by centerline velocity (Umax) 
in the channel. The slip length and slip velocity in a supe-
rhydrophobic surface can be related by Navier slip model 
and is expressed as,

The constant of proportionality, ls is called slip-length 
and is obtained by extrapolating the velocity profile normal 
to the slip surface.

It is observed from Fig. 6a that the normalized slip length 
increases with increasing channel hydraulic diameter. Also, 
the normalized slip length increases with the increment 
of groove width. However, the change in slip length with 
increasing Dh is not significant as compared to the change 
in slip length with increasing w/Dh. As discussed earlier, the 
velocity at the near-wall region is zero for the plain chan-
nel, thus the slip length is zero for all the configurations of 
plain channel. The increment in slip length is not noticeable 
for the lower-width superhydrophobic grooves compared to 
the higher micro/nano groove widths. The normalized slip 
length increases with increasing groove width for a certain 
channel hydraulic diameter, since the gas–liquid contact area 
increases with the increase in groove width. Accordingly, 
the solid–liquid contact area is decreased, resulting in the 
reduction of viscous drag.

The discrepancy of normalized slip velocity, us/Umax for 
different groove widths, w/Dh = 0 (plain channel), 0.033, 
0.067 and 0.133 and for different channel hydraulic diam-
eters, Dh = 600 nm, 6 μm, 60 μm and 600 μm at Re = 1 
is shown in Fig. 6b. A significant influence of hydraulic 
diameter and groove width can be observed from the fig-
ure. The normalized slip velocity, us/Umax decreases with 
increasing Dh; however, us/Umax increases with the increase 
in w/Dh. The change in us/Umax is significant when the chan-
nel hydraulic diameter tends to nano-scale compared to the 
channel with higher Dh values (≥ 60 μm). For a given groove 
width, when the hydraulic diameter is decreased, the core 
flow zone decreases and the flowing fluid attains a higher 
velocity. Thus, the slip velocity at the gas–liquid interface 

(24)us = ls
�u

�y
, aty = 0.

increases. As discussed earlier, when the superhydropho-
bic grooves width increases, the gas–liquid contact area 
increases and accordingly, higher slip of the flowing liquid 
is generated by the trapped gas inside the grooves.

4.4  Effect of channel confinement on meniscus 
shape and position

It was observed that the gas–liquid interface is significantly 
influenced by the flow conditions and the microgroove geom-
etry (Dey et al. 2018). Thus, in this study, the effect of channel 
confinement and micro/nano groove width for a constant flow 
condition is investigated and the corresponding variation of 
interface position inside the groove (Pd) and apparent contact 
angle (θapp) are shown in Fig. 7a, b, respectively. The position 
of the interface inside the micro/nano grooves is calculated 
from the distance between the interface location at middle of 
the triangular groove and the top surface of that groove. The 
schematic representation of the interface position (Pd) and the 
apparent contact angle (θapp) are shown in the inset view of 
Fig. 7a, b. The negative value of Pd denotes the interface posi-
tion inside the grooves, whereas the positive value indicates 
the interface position above the grooves. The location of the 
interface inside the groves increases with increasing hydraulic 
diameter for every considered groove width. In the larger Dh 
channels, the interface penetrates more into the grooves, result-
ing in a higher solid–liquid contact area. However, when the 
microchannel is converted into a nanochannel (Dh = 600 nm), 
the interface is located near the top of the groove and this char-
acteristic of interface reveals more gas–liquid contact area in 
a nanochannel, resulting in the reduction of frictional resist-
ance at the solid–liquid contact area. It is also observed that 
the interface position inside the triangular grooves increases 
with increasing groove width. In the wider micro/nano groove 
(w/Dh = 0.133), the position of the interface inside the groove 
is more than the narrower groove for a certain value of Dh. 
The interaction between the trapped gas and flowing liquid is 
higher in wider grooves resulting in more suppression of gas 
phase by the liquid phase inside the grooves.

The gas–liquid interface may be of different shapes, 
such as flat, concave or convex depending on several con-
ditions (Dey et al. 2018). The effect of channel hydrau-
lic diameter from micro- to nano-scale on the interface 
shape is also investigated for different groove widths and 
is shown in Fig. 7b. The interface shape is represented by 
apparent contact angle (θapp) which is the angle between 
the tangent at the interface and the vertical line drawn at 
the triple point and the schematic representation of θapp is 
depicted in the inset view of Fig. 7b. The value of apparent 
contact angle, θapp = 90° represents flat interface shape, 
whereas, θapp < 90° and θapp > 90° signify the interface 
shape as convex and concave, respectively. It is observed 
that the interface shape is greatly influenced by Dh. The 
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Fig. 6  Effect of channel con-
finement on a normalized slip 
length and b normalized slip 
velocity

(a)

(b)
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Fig. 7  Effect of channel con-
finement on a interface position 
and b interface shape

(a)

(b)
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apparent contact angle increases with decreasing Dh. When 
the channel is converted to nano- from micro-scale, the 
interface shape becomes concave from convex followed 
by flat one. The micro/nano groove width has significant 
effect on θapp and it is found that the θapp decreases with 
increasing groove width, w/Dh. The variation of θapp for 
narrower grooves is less prominent than the wider grooves. 
The interface shape is found as concave at w/Dh = 0.033 
and 0.067 for every considered values of Dh. However, 
the shape is observed as concave, flat and convex at w/
Dh= 0.133 when the channel is changed to micro- from 
the nano-scale.

4.5  Effect of channel confinement on pressure drop 
reduction

The primary objective of using superhydrophobic surface 
in a channel is to reduce the frictional drag or the pump-
ing power by developing slip by the entrapped gas layer 
on the flowing liquid. Thus, the effect of channel confine-
ment on the non-dimensional pressure drop reduction is 
investigated for different groove widths and is shown in 
Fig. 8. The percentage reduction of non-dimensional pres-
sure drop (π) is calculated as,

where, Pch denotes the plain channel without superhydro-
phobic grooves and  SHch is the superhydrophobic channels 

(25)� =
ΔPPch

− ΔPSHch

ΔPPch

× 100%,

with triangular grooves. It can be observed that the π reduces 
with increasing hydraulic diameter. When the scale of chan-
nel hydraulic diameter changes from micro to nano, the 
percentage reduction of pressure drop is found more than 
52% for the groove width, w/Dh = 0.133. This is because 
the superhydrophobic surface area-to-fluid volume ratio is 
increased when the channel hydraulic diameter is changed 
to nano-scale. As a result, the effect of the superhydropho-
bic surface is prominent, thereby increasing the drag reduc-
tion effect in nano-scale channel. A similar observation 
was found experimentally (Ou et al. 2004) and numerically 
(Li et al. 2016) when the microchannel height is reduced; 
however, the height of the channel was still in micro-scale. 
Also, the pressure drop is significantly reduced when the 
groove width increases. As discussed earlier, with increas-
ing groove width for a certain channel hydraulic diameter, 
the gas–liquid contact area increases with the increase in 
groove width. Accordingly, the solid–liquid contact area is 
decreased resulting in the reduction of viscous drag and thus 
the pressure drop reduction increases with increasing groove 
width.

In addition, a comparison between the percentage reduc-
tion of pressure drop, obtained in the present study and 
reported by the published experimental and numerical anal-
yses, is summarized in Table 2. It can be observed that a 
minimum of 10% in pressure drop reduction was achieved 
for high Reynolds number application using superhydropho-
bic coating (Gogte et al. 2005). However, a maximum of 
76% was obtained numerically by utilizing square micropo-
sts at Re = 1 (Cheng et al. 2009). It can be noted that the 

Fig. 8  Effect of channel 
confinement on the percentage 
pressure drop reduction
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air-interface was assumed as flat by the authors and a shear-
free boundary condition was applied at the presumed inter-
face, which was found less precise than the no-slip bound-
ary condition when compared with the experimental results 
(Kim and Hidrovo 2012; Song et al. 2018). In the present 
study, a no-slip boundary condition at the microgroove 
walls without predefining the interface is applied, which is 
found more agreeable with the experimental results than the 
results obtained by employing shear-free boundary condi-
tion and is also found to be consistent with the other studies. 
Accordingly, a maximum pressure drop reduction of 52% is 
achieved in the present analysis.

5  Conclusions

We present a comprehensive numerical analysis of the 
effect of channel confinement on the dynamical evolution 
of a liquid–gas interface, the resulting slip characteristics, 
and the corresponding possibilities in drag reduction over 
superhydrophoic triangular grooves. It is found that the flow-
ing fluid is significantly affected not only by the channel 
confinement, but also considerably affected by the groove 
width. However, the superhydrophobic surface area-to-fluid 
volume ratio has more pronounced effect on the velocity 
of the flowing fluid. For a certain groove width, the fluid 
near the wall attains a larger velocity in nanochannel than 
a microchannel. This is primarily due to extreme confined 
nature of the physical system. Accordingly, a large amount 
of slip on the fluid by the gas layer can be obtained by reduc-
ing the scale of the domain from micro to nano, premised 
on the same grooved structure. The interface shape may 
turn out to be flat, concave and convex, depending on the 
combined consequences of the channel dimensions and the 
grove width. In addition, the percentage reduction of pres-
sure drop can be increased by a large amount as we transit 

from micro-scale to nano-scale paradigm where the surface 
area-to-fluid volume ratio is high and also the groove width 
has prominent influence on pressure drop reduction. These 
findings may be of significant implications towards design-
ing a superhydrophobic micro and nanochannel for a wide 
variety of applications ranging from engineering to biology.
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