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Predictions of the effective slip length and drag
reduction with a lubricated micro-groove surface

in a turbulent channel flow
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We perform direct numerical simulations of a turbulent channel flow with a
lubricated micro-grooved surface to investigate the effects of this surface on the slip
characteristics at the interface and the friction drag. The interface between water and
lubricant is assumed to be flat, i.e. the surface-tension effect is neglected. The solid
substrate, where a lubricant is infused, is composed of straight longitudinal grooves.
The flow rate of water inside the channel is maintained constant, and a lubricant layer
under the interface is shear driven by the turbulent water flow above. A turbulent
channel flow with a superhydrophobic (i.e. air-lubricated) surface having the same
solid substrate configuration is also simulated for comparison. The results show that
the drag reduction with the liquid-infused surface highly depends on the lubricant
viscosity as well as the groove width and aspect ratio. The amounts of drag reduction
with the liquid-infused surfaces are not as good as those with superhydrophobic
surfaces, but are still meaningfully large. For instance, the maximum drag reduction
by the heptane-infused surface is approximately 13 % for a rectangular groove whose
spanwise width and depth in wall units are 12 and 14.4, respectively, whereas a
superhydrophobic surface with the same geometry results in a drag reduction of
21 %. The mean slip length normalized by the viscosity ratio and groove depth
depends on the groove aspect ratio. The ratio of fluctuating spanwise slip length to
the streamwise one is between 0.25 (ideal surface without groove structures) and
1 (i.e. isotropic slip), indicating that the slip is anisotropic. Using the Stokes flow
assumption, the effective streamwise and spanwise slip lengths are expressed as a
function of groove geometric parameters and lubricant viscosity. We also suggest a
predictive model for drag reduction with the heptane-lubricated surface by combining
the predicted effective slip lengths with the drag reduction formula used for riblets
(Luchini et al., J. Fluid Mech., vol. 228, 1991, pp. 87–109). The predicted drag
reductions are in good agreements with those from the present and previous direct
numerical simulations.
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1. Introduction
Friction drag reduction in turbulent boundary layers has been investigated by many

researchers owing to both its academic interest and economic benefits. Recently,
superhydrophobic surface (SHS) has received much attention as a possible method
for friction drag reduction, and many studies on laminar and turbulent flows over
SHSs have been conducted both experimentally and numerically (see the reviews
by Rothstein (2010), Golovin et al. (2016)). The main reason for drag reduction by
SHS is known to be the slip occurring at the originally no-slip surface. This slip
effect can be quantified as the effective slip length, and its analytical solutions have
been derived as a function of the surface geometric parameters and viscosity ratio
between the working fluid and air (Lauga & Stone 2003; Ybert et al. 2007; Belyaev
& Vinogradova 2010; Schönecker, Baier & Hardt 2014; Li, Alame & Mahesh 2017).

For turbulent flows over SHSs, both numerical (Min & Kim 2004; Fukagata, Kasagi
& Koumoutsakos 2006; Martell, Perot & Rothstein 2009; Busse & Sandham 2012;
Park, Park & Kim 2013; Jelly, Jung & Zaki 2014; Türk et al. 2014; Lee, Jelly &
Zaki 2015; Jung, Choi & Kim 2016) and experimental (Henoch et al. 2006; Daniello,
Waterhouse & Rothstein 2009; Woolford et al. 2009; Jung & Bhushan 2010; Bidkar
et al. 2014; Park, Sun & Kim 2014) results confirmed the drag reduction capability
of SHS. Numerical studies have been conducted either by prescribing a constant slip
length at the flat air–water interface (Min & Kim 2004; Fukagata et al. 2006; Busse
& Sandham 2012), or by imposing the shear-free boundary condition at the air–water
interface without considering flow in the air layer (Martell et al. 2009; Martell,
Rothstein & Perot 2010; Park et al. 2013; Jelly et al. 2014; Türk et al. 2014; Lee
et al. 2015; Rastegari & Akhavan 2015; Seo, García-Mayoral & Mani 2015; Seo
& Mani 2016). Recently, Jung et al. (2016) indicated that the shear-free condition
at the interface provides an over-estimated drag reduction by SHS. Most recently,
Seo, García-Mayoral & Mani (2018) investigated the dynamic behaviour of the
shear-free interface by considering the deformation of the interface through coupling
the Young–Laplace equation with the flow, and suggested a threshold criterion for the
failure of SHS. Some experimental studies of turbulent flows over SHS provided no
significant drag reduction or even drag increase (Peguero & Breuer 2009; Greidanus,
Delfos & Westerweel 2011; Aljallis et al. 2013), and these results were attributed to
the air–water interface deformation, error in the drag measurement or air loss in the
SHS structures (Park et al. 2014; Ling et al. 2016).

Previous experiments indicated that the air–water interface is prone to failure under
pressure fluctuations and physical stresses (Aljallis et al. 2013; Park et al. 2014;
Rosenberg et al. 2016). In this regard, a new surface structure called SLIPS (slippery
liquid-infused porous surface) or LIS (liquid-impregnated surface or liquid-infused
surface) has been considered as an alternative for drag reduction, as one can expect
slip at the interface between the infused oil and the working fluid. The SLIPS was
first introduced by Wong et al. (2011) and its design aimed at having a self-repairing
surface with pressure-stable omniphobicity. The two liquids, one infused and one
working fluid, are chosen to be immiscible and maintain a flat interface. The
interface between the working fluid and lubricant is much more stable than that
of the SHS, as the lubricant inside micro-grooved structures can withstand higher
pressure fluctuations and physical stresses. Although the viscosity ratio of water to oil
is much lower than that of the SHS and thus a lower drag reduction is expected for
LIS than for SHS, a larger groove pitch length of LIS can be implemented owing to
its pressure-stable characteristics, and possibly results in drag reduction comparable
to that of SHS.
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Although there have been several experimental studies on laminar flow over LIS
including the drainage of the infused liquid and the interface instability (see, for
example, Wexler, Jacobi & Stone (2015) and Liu et al. (2016)), there are limited
experimental studies on drag reduction with LIS in laminar flows. Solomon, Khalil
& Varanasi (2014) experimentally reported a drag reduction of 16 % with LIS for
laminar flow in a cone and plate rheometer. In the case of turbulent flow, there
are also only a few experimental studies dealing with LIS. Rosenberg et al. (2016)
and Van Buren & Smits (2017) conducted experiments of Taylor–Couette flow with
LISs. Rosenberg et al. (2016) reported that the amount of drag reduction remained
relatively constant over the Reynolds number range tested and the LIS with heptane
infused in the grooves produced up to 14 % drag reduction. Van Buren & Smits (2017)
conducted similar experiments using square micro-grooves (100∼800 µm) for various
Reynolds numbers and achieved drag reduction exceeding 35 % with the groove width
of L+g = Lguτ/νw ≈ 35, where uτ is the wall shear velocity, and νw is the kinematic
viscosity of water. Numerical studies considering the viscosity difference between the
trapped and working fluids were conducted for idealized surfaces without supporting
structures (Busse et al. 2013) or with longitudinal or transverse grooves (Schönecker
& Hardt 2013, 2015; Nizkaya, Asmolov & Vinogradova 2014; Schönecker et al.
2014; Li et al. 2017; Sun & Ng 2017; Ge et al. 2018), but these studies were
limited to laminar flows. Fu et al. (2017) performed direct numerical simulations
(DNS) of turbulent channel flow over LIS with longitudinal and transverse grooves
and confirmed the drag reducing capability of LIS. They investigated the effect of
different viscosity ratios between the working and infused fluids, and conducted
simulations where the grooves were overfilled with the lubricant so that a thin
film of the lubricant was present over no-slip ridges. They suggested an effective
slip-length model for the overfilled surfaces by combining the Stokes flow model of
Schönecker et al. (2014) with the gas cushion model of Vinogradova (1995). The
results were compared with their DNS data. However, the slip characteristics at the
lubricated surfaces have not been investigated in detail. More recently, Cartagena
et al. (2018) performed DNS of flow over an LIS with staggered cubic posts, where
the interface was tracked with a level-set method. When the lubricant fraction was
very large (e.g. 0.875), the drag was largely affected by the interface dynamics
and even increased. However, for dense surface (e.g. lubricant fraction of 0.5), the
interface deformation was relatively small and insensitive to the Weber number, and
thus the instability of the interface was small for aligned micro-posts and longitudinal
micro-grooves. Both studies on turbulent flow were carried out with somewhat
fictitious material properties (e.g. the density ratio of the working fluid to the infused
was kept as one).

We perform direct numerical simulations of a turbulent channel flow in order to
investigate the slip characteristics of LIS (oil–water) with realistic material properties.
The working fluid is water and the one infused is an oil such as FC-70, FC-3283
and heptane. For the supporting structure, we consider longitudinal grooves. This is
because, according to Cheng, Teo & Khoo (2009), the longitudinal grooves performed
best among four different SHS structures of square posts, square holes, transverse
and longitudinal grooves in laminar channel flow. We also simulate turbulent channel
flow with SHS (air–water) having the same structure geometry for comparison. The
interfaces are assumed to be flat, and the surface-tension effect is neglected (Jung et al.
2016; Fu et al. 2017), which holds as the Weber number (or the capillary number)
is very small for micro-size configurations. At a small Weber number, the capillary
force is dominant over the inertial force of the flow, so the flow is prevented from
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invading into the grooves and the lubricant can be kept inside the grooves whether it
is oil (Fu et al. 2017; Van Buren & Smits 2017) or air (Cottin-Bizonne et al. 2004;
Ybert et al. 2007; Teo & Khoo 2009). The shear-free boundary condition, mostly used
for SHS, may be acceptable for SHS due to the high viscosity ratio of water to air
(µwater/µair ' 55.56). However, as the viscosity ratio of water to lubricating oil is not
so high for LIS, we solve both the water and lubricant flows. The flow rate of water
inside the channel is maintained constant, and a lubricant layer under the interface is
shear driven by the turbulent water flow above. Numerical details are given in § 2. The
drag reduction capabilities by LIS and SHS and the slip characteristics are discussed
in § 3. In § 4, we obtain the effective slip lengths from the DNS data and suggest
a predictive model as a function of the geometric parameters and lubricant viscosity.
The effective slip lengths are then used to predict the drag reduction with LIS and
SHS. A summary and conclusions are given in § 5.

2. Numerical details
2.1. Governing equations and numerical method

The governing equations are the incompressible Navier–Stokes and continuity
equations,

ρϕ

(
∂ui

∂t
+

∂

∂xj
uiuj

)
=Πϕδ1i −

∂p
∂xi
+µϕ

∂2ui

∂xj∂xj
+ fi, (2.1)

∂ui

∂xi
− q= 0, (2.2)

where xi are the Cartesian coordinates (x, y, z), ui are the corresponding velocity
components (u, v, w), p is the pressure, ρ and µ are the density and viscosity
of the fluid, respectively, the subscript ϕ indicates water or oil (or air), Π is the
mean pressure gradient imposed on the water flow to maintain a constant mass flow
rate (Π = 0 in the shear-driven oil or air layer). The values of fi and q are the
momentum forcing and mass source to satisfy the no-slip boundary condition and
mass conservation on the longitudinal groove surfaces using an immersed boundary
method (Kim, Kim & Choi 2001). Details of the determination of fi and q are given
in Kim et al. (2001).

To solve (2.1) and (2.2), a semi-implicit fractional-step method, adopting a third-
order Runge–Kutta method for convection terms and the Crank–Nicolson method for
viscous terms, is used for time integration,

ûk
i − uk−1

i

1t
=

2αk

ρϕ

(
Π k−1
ϕ δ1i −

∂pk−1

∂xi

)
+ αk[Li(û

k
)+ Li(uk−1)]

−βkNi(uk−1)− γkNi(uk−2)+
1
ρϕ

f k
i , (2.3)

∂2φk

∂xi∂xi
=

1
2αk1t

(
∂ ûk

i

∂xi
− qk

)
, (2.4)

uk
i = ûk

i + 2αk1t
[
(Π k

ϕ −Π
k−1
ϕ )δ1i −

∂φk

∂xi

]
, (2.5)

pk
= pk−1

+ ρϕφ
k
−µϕαk1t

∂2φk

∂xj∂xj
, (2.6)
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Shear-driven flow
(oil or air)

Oil or air

Water

Microgrooves

Pressure-driven flow
(water)

z, w

y, √

x, u

Lx(a) (b)

Ly

Lz

Lg

Lp

2H

D y = 0

FIGURE 1. (Colour online) Schematic diagrams of the computational domain: (a) turbulent
channel flow with micro-grooved structures; (b) cross-flow plane. Micro-grooved structures
are placed only on the lower wall. Here, H is the channel half-height, D and Lg are the
depth and width of micro-grooves, respectively, and Lp is the pitch length.

Li(u)= νϕ
∂2ui

∂xj∂xj
, Ni(u)=

∂

∂xj
uiuj, (2.7a,b)

where ûi are the intermediate velocity components, φ is the pseudo-pressure, νϕ is the
kinematic viscosity of water or oil (or air), the subscript k(= 1, 2, 3) is the sub-step
index during one time step, 1t is the size of the computational time step and α1 =

4/15, α2 = 1/15, α3 = 1/6, β1 = 8/15, β2 = 5/12, β3 = 3/4, γ1 = 0, γ2 =−17/60 and
γ3=−5/12. Details of how to obtain Π k

ϕ in (2.5) are described in You, Choi & Yoo
(2000). The present numerical simulation is based on a finite volume method on a
staggered grid system, and thus the velocity components are located at the cell faces,
and the pressure is located at the cell centre. All spatial derivatives are discretized
with the second-order central difference scheme. The maximum Courant–Friedrichs–
Lewy (CFL) number varies from 0.7 to 1.4, depending on the oil used. Air-lubricated
cases require smaller maximum CFL numbers than oil-lubricated ones, due to large
differences in material properties across the interface.

Figure 1 shows the computational domain and the coordinate system used in the
present study. The upper wall is a flat plate, but the lower wall has micro-size
longitudinal grooves. The size of longitudinal grooves is determined with reference
to the experiments of Woolford et al. (2009) and Rosenberg et al. (2016) in which
the pitch length Lp is of the order of one in wall units. We summarize the cases of
micro-grooves considered and numbers of grid points used for simulations in table 1,
where L+po

= Lpuτo/νw, L+go
= Lguτo/νw, D+o = Duτo/νw and uτo(=

√
τwo/ρw) and τwo

are the wall-shear velocity and stress in the absence of micro-grooved structures,
respectively. Here, the lubricant fraction is fixed at Φ = Lg/Lp = 0.8; it is known
that more drag reduction is achieved with larger Φ (Park et al. 2013, 2014), but the
interface becomes less stable at the same time (Cartagena et al. 2018), and Φ = 0.8
is the one used in Woolford et al. (2009). The size of the computational domain is
Lx = 3H, Ly = 2H +D, Lz = 0.84H, where H is the channel half-height. The spanwise
domain size is set to be slightly bigger than that of the minimal channel (Jiménez &
Moin 1991) because low-order turbulence statistics near the wall are well predicted
with minimal channel unit, and a large number of grid points is required in the
z-direction due to micro-size grooves (see table 1). The periodic boundary condition
is imposed in the x and z-directions. No-slip boundary condition is imposed on the
upper wall and is satisfied on the longitudinal groove surfaces using an immersed
boundary method (Kim et al. 2001).
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Groove pitch Groove width Number of Groove depth Number of grid points
micro-grooves in Lz (Nx, Ny, Nz)

Lp/H L+po
Lg/H L+go

D/H D+o

0.021 3.78 0.0168 3 40
0.02 3.6 (33, 129+ 32, 1200)
0.04 7.2 (33, 129+ 32, 1200)
0.08 14.4 (33, 129+ 64, 1200)

0.042 7.56 0.0336 6 20
0.02 3.6 (33, 129+ 32, 1200)
0.04 7.2 (33, 129+ 32, 1200)
0.08 14.4 (33, 129+ 64, 1200)

0.084 15.12 0.0668 12 10
0.02 3.6 (33, 129+ 32, 1200)
0.04 7.2 (33, 129+ 32, 1200)
0.08 14.4 (33, 129+ 64, 1200)

TABLE 1. Geometric parameters of grooves and number of grid points used.

We assume that the oil–water and air–water interfaces are flat (Jung et al. 2016).
As discussed in § 1, this assumption is valid for the present study because the groove
geometry under consideration is micro-sized and the corresponding Weber number
using wall variables is of the order of 10−3, We+ = ρwu2

τδv/σ = ρwuτνw/σ =O(10−3)
(Seo et al. 2015, 2018, see below), where uτ is the friction velocity with the interface,
δν is the viscous unit length (δv = νw/uτ ) and σ is the surface-tension coefficient of
water. The wall-parallel velocity components and shear stresses are continuous across
the interface: i.e.

uw,s = ul,s = us, ww,s =wl,s =ws, (2.8a,b)

µw
∂uw

∂y

∣∣∣∣
s

=µl
∂ul

∂y

∣∣∣∣
s

, µw
∂ww

∂y

∣∣∣∣
s

=µl
∂wl

∂y

∣∣∣∣
s

. (2.9a,b)

Here, the subscripts w, l and s stand for water, lubricant (oil or air) and the
interface, respectively. The wall-normal velocity at the interface is zero, satisfying the
impermeability condition

vw,s = vl,s = vs = 0. (2.10)

The slip velocity at the interface, (us, ws), is obtained by taking one-side finite
difference on (2.9) for each fluid, i.e.

µw
uupper − us

yupper − ys
=µl

us − ulower

ys − ylower
, µw

wupper −ws

yupper − ys
=µl

ws −wlower

ys − ylower
, (2.11a,b)

where ys(= 0) is the y location of the interface, and yupper and ylower are the cell centre
locations right above and below ys, respectively, and uupper and wupper, and ulower and
wlower are the corresponding slip velocity components. The boundary condition of the
pseudo-pressure at the interface (for solving (2.4)) is given as

∂φw

∂y

∣∣∣∣
s

=
∂φl

∂y

∣∣∣∣
s

= 0. (2.12)

Equation (2.3) is solved using an alternating directional implicit scheme with the
interface boundary conditions (2.8)–(2.10). The Poisson equation (2.4) is Fourier
transformed in the x- and z-directions due to the periodic boundary conditions
applied (this is possible even inside the groove because we use an immersed boundary
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Lubricants µl/µw ρl/ρw DR (%)

FC-70 (LIS) 23 1.94 −0.6
FC-3283 (LIS) 1.5 1.83 1.6
Water (rough) 1 1 0.7
Water (interface) 1 1 1.3
Heptane (LIS) 0.37 0.684 4.4
Air (SHS) 0.018 0.0012 5.1

TABLE 2. Lubricants and their viscosities and densities normalized by those of water, and
the percentages of drag reduction (DR) for the case of L+go

= 3 (L+po
= 3.78) and D+o = 3.6.

method), and the resulting tridiagonal system of equations is separately solved for two
domains (below and above the interface, respectively) with the boundary condition
(2.12).

The bulk Reynolds number is Re = 2ρwubH/µw = 5600 corresponding to Reτo =

ρwuτoH/µw ≈ 180, where ub is the bulk velocity. The mass flow rate of water is
maintained to be constant by imposing the mean pressure gradient Π , where Π is
determined by obtaining the mean and fluctuating pseudo-pressure gradients separately
at each time step (You et al. 2000).

2.2. Lubricants and air
For LIS, various oils can be utilized as long as they are immiscible with the working
fluid (water) and maintain a flat interface. Considered lubricants are listed in table 2,
together with their viscosities and densities. FC-70 is an oil used in Wong et al.
(2011) with which the SLIPS was first introduced, whereas FC-3283 and heptane
are oils used in Rosenberg et al. (2016), which reported drag reductions with LISs
for turbulent Taylor–Couette flow. The Weber numbers for SHS and LIS (heptane)
are We+ = ρwuτoνw/σ = 1.29 × 10−3 and 1.89 × 10−3, respectively, for the case of
Reτo ≈ 180 and L+po

= 3.78 (Lp= 0.021H; Lp= 40 µm) (Woolford et al. 2009). Another
Weber number suggested by Seo et al. (2018) is WeL = ρwu2

τo
Lp/σ = We+L+p . With

L+po
= 3.78–15.12, WeL = (4.91–19.66) × 10−3 for SHS and (7.14–28.58) × 10−3 for

LIS (heptane), respectively. Since these Weber numbers are small, the interface can
be assumed to be flat.

The amounts of drag reduction (DR whose definition is given in § 3) with LISs
from preliminary DNSs are shown in table 2 for the case of L+go

= 3 (L+po
= 3.78) and

D+o = 3.6 (D= 0.02H). In table 2, we add two more cases of ‘water lubricant’. The
case of water (rough) is to purely represent the effect of the groove geometry just
like flow over riblets (Walsh 1983; Choi, Moin & Kim 1993; Bechert et al. 1997):
i.e. the grooves are wet by the overlying water flow and act like a rough surface.
The computational domain size in the y-direction is modified such that the bottom
of micro-groove structures is at y=−0.004H, then the whole cross-sectional area of
water flow in the presence of micro-groove structures is the same as that of flat-plate
channel flow (2H× Lz). The case of water (interface) is to replace oil with water but
maintaining the flat interface: i.e. the lubricating water layer is shear driven, whereas
the working fluid (water) is pressure driven, as in figure 1. These two cases of water
(rough) and water (interface) do not show significant changes in the drag due to the
small size of the grooves. On the other hand, the case of heptane shows a meaningful
amount of drag reduction, comparable to that of SHS. The amounts of drag variation
by FC-70 and FC-3283 are much smaller than that by heptane. Therefore, we choose
heptane (LIS) and air (SHS) as the lubricating materials hereinafter.
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Domain size Number of grid Grid resolution Mean slip velocity
(Lx, Ly, Lz) points (Nx, Ny, Nz) (1x+, 1z+) DR (%) (ūtot

s /ub)

LIS

(3H, 2H +D, 0.84H) (32, 193, 1200) (16.7, 0.12) 12.7 0.165
(3H, 2H +D, 0.84H) (64, 193, 1200) (8.4, 0.12) 11.0 0.160
(3H, 2H +D, 0.84H) (32, 193, 2400) (16.7, 0.06) 12.6 0.169

(6H, 2H +D, 3.024H) (64, 193, 4320) (16.7, 0.12) 13.9 0.162

SHS

(3H, 2H +D, 0.84H) (32, 193, 1200) (16.7, 0.12) 21.1 0.251
(3H, 2H +D, 0.84H) (64, 193, 1200) (8.4, 0.12) 21.0 0.248
(3H, 2H +D, 0.84H) (32, 193, 2400) (16.7, 0.06) 21.8 0.257

(6H, 2H +D, 3.024H) (64, 193, 4320) (16.7, 0.12) 23.7 0.248

TABLE 3. Effects of the computational domain size and grid resolution on the drag
reduction (DR; equation (3.2)) and mean slip velocity (ūtot

s ; see below for the definition)
for LIS (heptane) and SHS (air) of L+go

= 12 and D+o = 14.4.

2.3. Effect of the computational domain size and grid resolutions

As mentioned earlier, the present computational domain (Lx = 3H, Lz = 0.84H) is
slightly bigger in the spanwise direction than that of the minimal channel (Jiménez
& Moin 1991). Also, MacDonald et al. (2017) suggested a minimal computational
domain size for a rough-wall turbulent flow such as L+x > 3L+z and L+x > 1000. The
first condition by MacDonald et al. (2017) is satisfied for the present domain size,
but the second condition is not satisfied. Therefore, to confirm the appropriateness
of the present computational domain size in the presence of lubricants, we conduct
simulations in a larger computational domain (Lx= 6H (L+x = 1080) and Lz= 3.024H)
for the case of L+go

= 12 (L+po
= 15.12) and D+o = 14.4. Additional simulations with

higher grid resolutions are also performed. The results are given in table 3. As shown,
the changes in the amount of drag reduction and mean slip velocity due to the changes
in the resolution and domain size are only approximately 3 %. Therefore, the present
computational domain size and grid resolutions are appropriate to study the effects of
LIS and SHS on near-wall turbulent flow.

3. Drag and slip characteristics

Given a fixed mass flow rate, the mean pressure gradient in the channel varies at
each time step, balanced by the skin frictions on the upper flat surface and the lower
longitudinal groove surface. Since the lubricant layer is shear driven by the water flow,
the sum of skin frictions on the side and bottom surfaces of the groove structure is
the same as the skin friction on the interface. Thus, the drags on the upper flat and
lower groove surfaces are calculated as

Dupper wall =
1
T

∫ T

0

∫ Lx

0

∫ Lz

0
µw
∂u
∂y
(x, y= 2H, z, t) dz dx dt= LxLzµw

∂ ūtot

∂y

∣∣∣∣
upper wall

,

Dgroove =
1
T

∫ T

0

∫ Lx

0

∫ Lz

0
µw
∂u
∂y
(x, y= 0, z, t) dz dx dt= LxLzµw

∂ ūtot

∂y

∣∣∣∣
s

,


(3.1)
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+L+
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FIGURE 2. Spanwise variations of the friction coefficient (c̄f ) on the interface and ridge:
(a) heptane; (b) air. A horizontal line in (a,b) denotes the skin friction coefficient (cfo =

0.0083) of flat-plate turbulent channel flow at Reτo = 180.

respectively. Here, the superscript ‘tot’ denotes the averaging over time and space (x
and z). The drag reduction is calculated as

DR(%)=
Dupper wall −Dgroove

Dupper wall
× 100. (3.2)

This definition relies on the observation that turbulent flow near one side of the
channel does not affect the skin friction on the other side of the channel (Jiménez &
Moin 1991); the correlation coefficients between the shear rates at the two walls are
small, |corr| 6 0.2, for all the cases considered. The wall-shear rates are integrated
over more than 800H/ub, and the amounts of drag reduction are listed in table 4 for
the heptane- and air-lubricated cases. The drag reduction increases with increasing
groove width (L+go

) for all the groove depths (D+o ) considered. On the other hand, given
L+go

, the amount of drag reduction is more or less saturated even with increasing D+o
(non-monotonic behaviours of the drag reduction with the groove depth in table 4
should be regarded as a result of numerical uncertainty). Although the air layer
produces larger drag reductions for the same groove sizes than the heptane layer,
the amount of drag reduction by the heptane layer is still not small. Note also that
a similar drag reduction is achieved when the groove width of the heptane layer is
twice that of the air layer. Considering that the interface of the heptane layer is more
stable under the turbulent pressure fluctuations than that of the air layer, the LIS can
be an alternative to the SHS as a device for drag reduction.

The spanwise variations of the time- and streamwise-averaged friction coefficient
on the interface and ridge, c̄f (z), are shown in figures 2(a) and 2(b) for the cases of
heptane and air, respectively, where cf = τs/(0.5ρwu2

b), τs is the instantaneous shear
stress, and the overbar denotes the averaging over the streamwise direction and time.
The friction coefficients are lower on the heptane–water and air–water interfaces than
that of flat plate channel flow, but are much higher on the ridge, especially near
the corners (z/Lg = 1 and 1.25). Since the viscosity of air (µR = µw/µa = 55.56)
is much smaller than that of heptane (µR = µw/µl = 2.7), the friction coefficient
on the air–water interface is smaller (almost zero except near the corners) than that
on the heptane–water interface, but the one on the ridge is higher because of large
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Heptane (LIS) Air (SHS)

L+go
L+go

3 6 12 3 6 12
D+o
3.6 4.4 % 6.6 % 11.8 % 5.1 % 12.3 % 18.3 %
7.2 3.0 % 7.0 % 12.0 % 7.2 % 10.4 % 23.0 %
14.4 4.6 % 9.1 % 12.7 % 7.0 % 12.7 % 21.1 %

TABLE 4. Drag reductions for the cases of heptane (LIS) and air (SHS).

Heptane (LIS) Air (SHS) Shear-free condition

c̄f ridge 0.0224 0.0334 0.0339
c̄f interface 0.0038 0.00049 0
c̄tot

f 0.00752 0.00707 0.00678

TABLE 5. Skin friction coefficients on the ridge and interface, and total skin friction
coefficients for LIS and SHS (L+go

=6,D+o =7.2, and Φ=0.8), and those with the shear-free
condition (L+go

= 6, Φ = 0.8), respectively. Here, c̄f ridge and c̄f interface denote the mean skin
friction coefficients on the ridge and interface, and c̄tot

f = (1−Φ)c̄f ridge +Φ c̄f interface.

slip velocity on the air–water interface (see below). The friction coefficient on the
interface is nearly insensitive to the size of the groove (both Lg and D). On the other
hand, the friction on the ridge is insensitive to D but depends on Lg. With increasing
Lg, it decreases at the centre region but increases near the corner. As shown in this
figure, higher drag reduction by the air layer than by the heptane layer is attributed to
nearly zero shear stress at the interface, showing the validity of applying the shear-free
boundary condition at the interface without solving the air layer, as demonstrated by
previous studies (Martell et al. 2009, 2010; Park et al. 2013; Jelly et al. 2014; Türk
et al. 2014; Lee et al. 2015; Rastegari & Akhavan 2015; Seo et al. 2015; Seo &
Mani 2016; Rastegari & Akhavan 2018). We perform an additional simulation with
the shear-free boundary condition at the interface for the case of L+go

= 6 and Φ = 0.8,
and the results are given in table 5 together with those from LIS and SHS. When the
shear-free boundary condition is applied at the interface, the predicted c̄tot

f results in
only 4 % error for SHS (air), but in much larger error (approximately 10 %) for LIS
(heptane) due to non-negligible shear stress at the interface.

Figure 3 shows the spanwise variations of the time- and streamwise-averaged
slip velocity on the heptane–water and air–water interfaces. Each slip velocity has
a profile similar to ūs(z∗)/ūs(z∗ = 0.5) = 2

√
z∗(1− z∗)(z∗ = z/Lg) and is maximum

at the centre of the interface (this elliptic velocity profile is analytically obtained
for laminar flow if the shear rate at the interface is assumed to be constant along
the spanwise direction (Schönecker et al. 2014)). The slip velocity increases with
Lg, reaching up to approximately 4uτo and 6uτo for the cases of heptane and air,
respectively, but it is nearly insensitive to D (except for the heptane with L+go

= 12
and D+o = 3.6). The variation of the mean friction coefficient, c̄tot

f , which is the
average of c̄f (figure 2) over the whole spanwise direction, with the slip velocity
averaged over the interface and ridge, ūtot

s =
∫ Lp

0 ūs(z) dz/Lp, is shown in figure 4.
The c̄tot

f almost linearly decreases with ūtot
s . This trend is consistent with the linear
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FIGURE 3. (Colour online) Slip velocity on the interface: (a) heptane; (b) air. Lines
and lines with symbols are the same as those in figure 2. Red lines are the ellipses of
ūs(z∗)/ūs(z∗ = 0.5)= 2

√
z∗(1− z∗), where z∗ = z/Lg.

0 0.1 0.2 0.3
u-s

tot/ub

c- fto
t

0.008

0.007

0.006

0.005

3 3.6

3 7.2

3 14.4

6 3.6

6 7.2

6 14.4

12 3.6

12 7.2

12 14.4

Do
+L+

goAirHeptane

FIGURE 4. (Colour online) Mean friction coefficient versus mean slip velocity averaged
over the interface and ridge. Solid line corresponds to the linear relation c̄tot

f /cfo = 1 −
(ūtot

s /ub) from Rastegari & Akhavan (2015). The friction coefficient of flat-plate turbulent
channel flow is cfo = 0.0083 at Reτo = 180.

relation, c̄tot
f /cfo = 1 − (ūtot

s /ub), suggested by Rastegari & Akhavan (2015), where
cfo is the friction coefficient of flat-plate turbulent channel flow. Figure 5 shows
the root-mean-square (r.m.s.) streamwise and spanwise slip velocity fluctuations at
the interface. With increasing Lg, both us,rms and ws,rms increase, and reach up to
approximately uτo and 0.2uτo for heptane, and 1.45uτo and 0.3uτo for air, respectively.
Although the r.m.s. slip velocity fluctuations show some collapse for the same L+go

,
more deviations occur at larger L+go

. Note also that the profiles of us,rms and ws,rms

follow the ellipses for smaller L+go
.
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FIGURE 5. (Colour online) Root-mean-square (r.m.s.) slip velocity fluctuations normalized
by the friction velocity uτo : (a) heptane; (b) air. Lines and lines with symbols are the
same as in figure 2. Red lines are the ellipses of uis,rms(z∗)/uis,rms(z∗= 0.5)= 2

√
z∗(1− z∗)

(z∗ = z/Lg).
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FIGURE 6. (Colour online) Normalized slip lengths: (a) slip length normalized by the
groove depth and viscosity ratio; (b) slip length normalized as in (3.6) versus z/Lg;
(c) mean slip length (3.6). In (a,b), the lines and lines with symbols are the same as
in figure 2, where red and black colours denote the cases of heptane and air, respectively.
In (c), the symbols are the same as those in figure 4, together with the cases of L+go

= 3.8
(Φ = 0.5) and D+o = 3.6 (E, red andE, black), and L+go

= 1.9 (Φ = 0.5) and D+o = 3.6 (6,
red and6, black). Inset in (b) shows the slip length near the groove centre.

Since the slip velocity and velocity gradient vary over the interface, the slip length
is also a function of the interface location as follows:

b̄x(z)=
ūs(z)

∂ ū(z)/∂y|s
. (3.3)

Figure 6 shows the slip lengths in different normalizations over the interface and the
mean slip length for the cases of heptane and air. The slip length normalized by the
groove depth and viscosity ratio µR(=µw/µl) is only a function of Lg/D irrespective
of the lubricants, and they increase with increasing Lg/D (figure 6a). According to
Jung et al. (2016) who considered the air–water interface in the absence of the ridges
(i.e. an idealized SHS) for turbulent channel flow, the mean slip length divided by the
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Effective slip length and drag reduction in a lubricated channel flow 809

air layer thickness (D) is equal to the viscosity ratio µR, i.e.

b̄∗x =
b̄x

µRD
= 1 (for an idealized SHS), (3.4)

because of the linear velocity profile within the air layer. In the present micro-groove
configuration, however, the flow is affected by the no-slip condition on the ridge of
the groove structure, and thus the resulting slip length is less than one, i.e. b̄x <
µRD (figure 6a), and is a function of Lg/D. When the groove is sufficiently wide
as compared to its depth (Lg/D� 1), the normalized slip length should approach one
(for Lg/D= 3.36, b̄x/µRD≈ 0.9 at the groove centre).

Considering the shear-driven Stokes flow inside the longitudinal groove, Maynes
et al. (2007) provided the velocity distribution inside the groove and the velocity
gradient at the interface using the sine series expansion. Since the component
corresponding to the largest wavelength is dominant, the slip length averaged over
the interface can be approximated as (using the continuity of the shear stress at the
interface)

b̄s
x =

∫ Lg

0
ūs dz∫ Lg

0
∂ ū/∂y|s dz

=µR

∫ Lg

0
ul|s dz∫ Lg

0
∂ul/∂y|s dz

∼
1
π
µRLg tanh

πD
Lg
. (3.5)

Accordingly, the non-dimensional slip length from the Stokes flow approximation
becomes

b̄∗∗x =
b̄s

x

µRLg tanh(πD/Lg)
∼

1
π
. (3.6)

This result is very similar to that of Ybert et al. (2007), b̄x= (1/q)µRLg tanh (qD/Lg)
(q is a function of Φ), which was obtained for a square array of dilute pillars based
on the Stokes flow solution for the periodic arrays of spheres by Sangani & Acrivos
(1982). Figure 6(b) shows the variations of the slip length, normalized as in (3.6), over
the interface for all cases of heptane and air considered. The data scatter observed in
figure 6(a) is much reduced by introducing a new normalization, (3.6). The normalized
slip length at the groove centre region approaches 1/π, as the groove becomes shallow
for same Lg (i.e. increasing Lg/D). Figure 6(c) shows the mean slip lengths averaged
over the interface as a function of Lg/D. As shown, all the data fall on a line whose
slope is 0.28, i.e.

b̄s
x = 0.28µRLg tanh

πD
Lg
. (3.7)

Note that (3.7) returns to b̄s
x/µRD∼ 0.28π for Lg�D and b̄s

x/µRLg∼ 0.28 for Lg�D.
The proportional constant, theoretically obtained, in (3.5) is 1/π(= 0.3183), and thus
the difference between (3.5) and (3.7) is only 12 %, indicating that the Stokes flow
approximation inside the groove works quite well even for turbulent flows above
the interface, as pointed out for small structures of L+g = Lguτ/νw < O(10) in Seo &
Mani (2016). Since the cases discussed so far are for Φ = 0.8, additional simulations
are carried out for Φ = 0.5 and two different geometries of L+go

= 3.8 and D+o = 3.6,
and L+go

= 1.9 and D+o = 3.6. These cases also fall on the curve (3.7), as shown in
figure 6(c). Table 6 shows the Reynolds numbers in the grooves, defined by the
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FIGURE 7. (Colour online) Scatter plots and slip lengths (heptane; L+go
= 3 and D+o = 3.6):

(a) us versus ∂u/∂y|s; (b) ws versus ∂w/∂y|s; (c) mean streamwise slip length (b̄∗x), and
fluctuating streamwise (b′∗x ) and spanwise (b′∗z ) slip lengths; (d,e) variations of b′∗z /b

′∗

x over
the interface for all the cases of heptane (d) and air (e), respectively. In (a,b),s, z/Lg =

0.0625; u, 0.1875; p, 0.479. The slopes of lines passing through ((∂ ū/∂y|s)/(uτo/µRD),
ūs/uτo ) (denoted as white open symbols), obtained by a least-square method, in (a,b)
correspond to b′∗x and b′∗z , respectively. In (d,e), lines and lines with symbols are the same
as in figure 2, and the horizontal line corresponds to b′∗z /b

′∗

x = 1/4 for an idealized SHS
(Jung et al. 2016).

Heptane (LIS) Air (SHS)

L+go
L+go

3 6 12 3 6 12
D+o
3.6 2.55 5.03 10.17 0.176 0.315 0.657
7.2 2.55 4.99 9.70 0.157 0.340 0.539

14.4 2.57 4.93 9.53 0.188 0.333 0.584
TABLE 6. Reynolds numbers in the grooves, Reτl = uτl Lg/νl, where uτl is the shear

velocity at the interface and νl is the kinematic viscosity of the lubricant.

shear velocity at the interface and groove width, for the cases considered in the
present study. As shown, the Reynolds numbers in the grooves are indeed very small,
supporting the use of Stokes flow approximation inside the grooves.

The anisotropy of local slip in the streamwise and spanwise directions on SHS
has been studied by Nizkaya et al. (2014) and Schönecker et al. (2014) for laminar
flow, and by Jung et al. (2016) for turbulent flow. Figures 7(a) and 7(b) show the
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scatter plots of the instantaneous streamwise and spanwise slip velocities versus
their corresponding velocity gradients at the interface, respectively, for three different
spanwise locations, together with their mean values of the streamwise components
(L+go
= 3 and D+o = 3.6). Here, the fluctuating slip lengths, b′x and b′z, are obtained

from the slopes of the lines passing through (∂ ū/∂y|s/(uτo/µRD), ūs/uτo) using a
least-square method for the scattered data. Owing to the shear-driven flow along the
longitudinal groove, the scatter in the spanwise component is much narrower than
that in the streamwise component. Figure 7(c) shows the spanwise variations of the
mean and fluctuating slip lengths, and figures 7(d) and 7(e) show the ratio of the
fluctuating spanwise slip length to the streamwise one for heptane- and air-lubricated
surfaces, respectively. The mean streamwise slip length is larger than the fluctuating
streamwise and spanwise slip lengths, and the fluctuating streamwise slip length is
larger than the spanwise one, which is consistent with the results of Seo & Mani
(2016) and Fairhall & García-Mayoral (2018) for small textures of isotropic posts.
The ratios of b′z to b′x vary along the spanwise direction (figure 7d,e), largest at the
centre of the groove and smallest at the corners for most cases. The exceptions to
this trend are those of L+go

= 12 and D+o = 3.6, where b′z/b
′

x is relatively constant
at the groove centre region but maximum at off-centre locations. These fluctuating
slip-length ratios are less than 1, indicating that the slip is anisotropic. These ratios
are larger than that for an idealized SHS (b′z/b

′

x ∼ 1/4) except very near the corner,
but smaller than those (0.896 and 0.909) for isotropic micro-posts of Seo & Mani
(2016) with L+go

= 4 and of Fairhall & García-Mayoral (2018) with L+go
= 8 (both

cases have the lubricant fraction of 8/9). This difference is due to the limitation of
spanwise motion in the present streamwise micro-grooved structures.

Figure 8(a,b) shows the fluctuating streamwise and spanwise slip lengths normalized
by µRLg tanh(πD/Lg), b′∗∗x and b′∗∗z , for all cases considered in the present study. The
normalized fluctuating slip lengths do not collapse, unlike the mean slip length
(figure 6b). However, as shown in figure 8(c), the fluctuating spanwise slip lengths
averaged over the interface fall on a line whose slope is 0.0856, i.e.

b′z
s
= 0.0856µRLg tanh(πD/Lg). (3.8)

Equation (3.8) indicates that b′z
s
/µRD ∼ 0.0856π for Lg� D and b′z

s
/µRLg ∼ 0.0856

for Lg�D. Equations (3.7) and (3.8) are used in the next section to evaluate the drag
reduction performances by LIS and SHS.

4. Effective slip length and drag reduction
The effective slip length is defined as

bx,eff ≡
ūtot

s

∂ ūtot/∂y|s
, (4.1)

where ūtot
s and ∂ ūtot/∂y|s are the velocity and velocity gradient averaged over the

interface and ridge of the micro-groove and also in time, respectively. Their values
in wall units (b+x,eff = bx,eff uτ/νw) are given in table 7, where uτ (=

√
νw∂ ūtot/∂y|s) is

the friction velocity. As expected, the effective slip length of SHS (air) is larger than
that of LIS (heptane). It is nearly insensitive to the groove depth but significantly
depends on the groove width within the parameter ranges considered. As the groove
widths considered in the present study are relatively small (L+go

<O(10)), the effective
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FIGURE 8. (Colour online) Non-dimensionalized fluctuating streamwise and spanwise slip
lengths and averaged fluctuating spanwise slip length: (a) b′∗∗x ; (b) b′∗∗z ; (c) b̄′z

s∗
. In (a,b),

lines and lines with symbols are the same as in figure 2, and red and black colours denote
the cases of heptane and air, respectively. In (c), symbols are the same as in figure 4.

Heptane (LIS) Air (SHS)

L+go
L+go

3 6 12 3 6 12
D+o
3.6 0.79 1.47 2.49 1.41 2.56 4.53
7.2 0.79 1.50 2.76 1.39 2.58 4.54
14.4 0.79 1.49 2.80 1.44 2.55 4.55

TABLE 7. Effective slip lengths in wall units, b+x,eff , for the cases of heptane and air.

slip length shows a linear increase with increasing groove width. This is consistent
with the result of Seo & Mani (2016) in which b+x,eff ∼ L+g and L+1/3

g for SHSs with
small and large texture sizes, respectively.
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For a laminar flow, Belyaev & Vinogradova (2010) considered SHS with alternating
slip (with constant slip length) and no-slip surfaces, and proposed theoretical
relationships between the effective slip lengths (bxi,eff ) and surface geometric
parameters for longitudinal (xi = x) and transverse (xi = z) groove configurations
as follows:

bxi,eff '

Lp ln
[

sec
(

πΦ

2

)]
Ki +

Lp

b̃xi

ln
[

sec
(

πΦ

2

)
+ tan

(
πΦ

2

)] , (4.2)

where b̃xi are the constant slip lengths, and Ki = π and 2π for the longitudinal
and transverse grooves, respectively. Schönecker et al. (2014) obtained a slip-length
distribution over the interface in the form of an ellipse (with maximum at the interface
centre) by assuming a constant shear rate at the interface and proposed formulae for
the effective slip lengths. The b̃x and b̃z in Schönecker et al. (2014), given as an error
function, correspond to the maximum slip lengths at the centres of the longitudinal
and transverse grooves, respectively. Schönecker et al. (2014) indicated that (4.2)
with constant slip lengths b̃x and b̃z, as done in Belyaev & Vinogradova (2010),
underestimate the effective slip lengths. In figures 6(c) and 8(c), we already obtained
the slip lengths averaged over the interface, b̄s

x and b̄′sz . Using this information, we
can determine b̃x and b̃z in (4.2) by assuming the slip-length profile as an ellipse
(from the ellipse profile of the slip velocity (figure 3) and nearly constant shear rate
at the interface (figure 2); also assumed by Schönecker et al. (2014))

b̃x =
4
π

b̄s
x =

1.12
π
µRLg tanh(πD/Lg),

b̃z =
4
π

b̄′sz =
0.342

π
µRLg tanh(πD/Lg).

 (4.3)

The present model (4.3) is similar to that of Schönecker et al. (2014), in that the
hyperbolic tangent function is close to the error function. Note that we use (4.2) for
the present spanwise effective slip length because the flow inside the spanwise grooves
can be approximated by Stokes flow under a constant shear, as in Schönecker et al.
(2014).

The effective slip lengths are predicted using (4.2) and (4.3), and they are plotted
against those from DNS in figure 9. Here, for DNS results, we obtain the streamwise
effective slip length from (4.1) and the spanwise effective slip length from

bz,eff =
1
2

(
w̄tot

s |ws>0

∂w̄tot/∂y|sws>0
+

w̄tot
s |ws<0

∂w̄tot/∂y|sws<0

)
, (4.4)

because the spanwise velocity gradient averaged over the interface is zero for the
present longitudinal micro-grooves. As shown in this figure, the predicted effective slip
lengths from (4.2) and (4.3) are in excellent agreements with the DNS results, even
for different Φ, although the effective spanwise slip lengths of SHS with L+go

= 12
show some disagreements.

Fukagata et al. (2006) suggested the following implicit relation between the
effective slip length and drag reduction with SHS,

1
κ

ln Reτo + F0 =

(
1−

DR
100

)
b+x,effo +

√
1−DR/100

κ
ln

(√
1−

DR
100

Reτo

)
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FIGURE 9. (Colour online) Predicted effective slip lengths in the streamwise and spanwise
directions. ×, present model ((4.2) and (4.3)) with the DNS data of Fu et al. (2017;
Φ = 0.5); other symbols (same as in figure 4), from the present model with the present
DNS data (Φ = 0.8). The symbols outlined with red and black colours denote the
streamwise effective slip length for heptane- and air-lubricated surfaces, while those
outlined with blue and green colours denote the spanwise effective slip length for heptane
and air- lubricated surfaces, respectively.

+

√
1−

DR
100

F

(√
1−

DR
100

b+z,effo

)
, (4.5)

F(ξ)= F∞ + (F0 − F∞) exp[−(ξ/α)β], (4.6)

where b+x,effo = bx,eff uτo/νw, κ = 0.41, F0 = 3.2, F∞ = −0.8, α = 7 and β = 0.7 which
were obtained from DNS data at Reb = 5600 and 14 000. Busse & Sandham (2012)
proposed a different F in (4.5)

F(ξ)= F∞ +
(F0 − F∞)2

(F0 − F∞)+ ξ
, (4.7)

where F0 = 3.0 and F∞ = −1.0, fitted for Reb = 5620 and 12 500. Rastegari &
Akhavan (2015) used the Fukagata–Iwamoto–Kasagi identity (known as the FIK
identity, see Fukagata, Iwamoto & Kasagi (2002)) to derive an explicit relation
between the effective slip length and drag reduction

DR(%)=
b+x,effo

b+x,effo +
Reb

Reτo

× 100. (4.8)

On the other hand, from Rastegari & Akhavan (2018) and Fairhall & García-Mayoral
(2018), the following relation (motivated by the drag reduction by riblets in terms of
the protrusion heights; see Luchini, Manzo & Pozzi (1991), Jiménez (1994), Bechert
et al. (1997), García-Mayoral & Jiménez (2011)) is introduced,

DR(%)= 100(A
√

1+ (A/2)2 − A2/2), (4.9)
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FIGURE 10. (Colour online) Drag reductions: (a) DR versus effective slip length in wall
units (b+x,eff ); (b) predicted drag reductions using various models. In (a), E, Park et al.
(2013); 6, Jung et al. (2016); @ (green), Fu et al. (2017); - - -, (4.8) from Rastegari &
Akhavan (2015); other symbols, present study (given in figure 4). In (b),E (green), (4.5)
and (4.6) (Fukagata et al. 2006) with b+x,effo from present DNS;E (orange), (4.5) and (4.7)
(Busse & Sandham 2012) with b+x,effo from present DNS; ×, (4.8) (Rastegari & Akhavan
2015) with b+x,effo from present DNS; +, (4.9) with 1h+o from present DNS; other symbols
(same as in figure 4), (4.9) with modelled b+x,effo and b+z,effo from (4.2) and (4.3), where
A (yellow) and C (yellow) and are predictions for Reτo ≈ 395 (others are for Reτo ≈ 180).
Here, Reτo in (4.5) and (4.8), and cfo in (4.9) are obtained from the upper flat surface.

where A = (µo1h+o )/((2cfo)
−1/2
+ (2κ)−1), 1h+o = b+x,effo − b+z,effo , κ = 0.4, cfo ' 0.0083

and µo=0.785. In the case of low drag reduction (i.e. A� O(1)), (4.9) can be written
as (using the Taylor series expansion)

DR(%)≈ 100(A3/8− A2/2+ A). (4.10)

The present drag reduction versus the effective slip length in wall units is shown in
figure 10(a), together with those of Park et al. (2013), Jung et al. (2016), Fu et al.
(2017) and (4.8). The present data collapse very well with the previous numerical
data, but the present data and the data of Fu et al. (2017), having small effective slip
lengths, are located slightly below (4.8).

Now, we predict the drag reductions from (4.5) and (4.6), (4.5) and (4.7), (4.8)
and (4.9), respectively. The values of Reτo and cfo are from the upper wall, and
the effective slip lengths are either from DNS data or from (4.2) and (4.3), given
the groove geometry (Lg, D, Φ) and material property (µR). Figure 10(b) shows
the predicted drag reductions from various models. Overall, the prediction by (4.9)
performs the best among these models. The predictions are good especially for small
grooves because the Stokes flow assumption made for (4.2) and (4.3) is valid for
those grooves (Seo & Mani 2016; Fairhall & García-Mayoral 2018). Equation (4.9)
together with (4.2) and (4.3) is tested for a higher Reynolds number of Reτo≈395 with
heptane-lubricated surfaces, where the groove geometries tested are Lg/H = 0.0336
and 0.0672, and D/H= 0.04, which correspond to L+go

= 13.3 and 26.5, and D+o = 15.8.
The computational domain size is Lx = 3H and Lz = 0.84H, and the number of grid
points used are 96(x)× 193(y)× 1200(z). As shown in figure 10(b) and table 8, the
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FIGURE 11. (Colour online) Drag reductions from DNS (SHS and LIS) and prediction by
(4.9) with (4.2) and (4.3) with 1h+o (= b+x,effo − b+z,effo): p and @, present study; E (black)
andE (blue), Fu et al. (2017); + (black) and + (blue), Park et al. (2013); × (black) and
× (red), Rastegari & Akhavan (2015, 2018); 6 (black) and 6 (red), Türk et al. (2014);
- - - (black) and - - - (red), equations (4.9) and (4.10) with cfo = 0.0083, respectively. Here,
the black- and red-coloured symbols are from DNS and predicted ones, respectively.

Groove size b+DNS
x,effo b+predict

x,effo b+DNS
z,effo b+predict

z,effo DRDNS DRpredict

L+go
= 13.3 and D+o = 15.8 3.44 3.65 1.37 1.43 11.8 % 10.7 %

L+go
= 26.5 and D+o = 15.8 6.01 6.95 2.35 2.71 18.2 % 19.2 %

TABLE 8. Predicted effective slip lengths and drag reductions for Reτo ≈ 395 (heptane).

predictions for the effective slip lengths and drag reduction are also excellent for a
higher Reynolds number.

The DNS results from previous studies (Park et al. 2013; Türk et al. 2014;
Rastegari & Akhavan 2015, 2018; Fu et al. 2017) are also used to validate the
model, (4.9) with (4.2) and (4.3). Here, we select the cases of LIS and SHS with
longitudinal grooves, and take tanh(πD/Lg) ≈ 1 for the data from the DNS with
shear-free boundary condition at the interface. The comparison of these data with the
predictive model is made in figure 11. As shown, the model agrees very well with
the data from the present and other studies, except for those from Türk et al. (2014),
indicating that (4.9) with (4.2) and (4.3) is a predictive model for drag reduction by
SHS and LIS.

5. Conclusions

In the present study, we investigated the effects of heptane-lubricated micro-surfaces
on the skin friction drag and slip characteristics in a turbulent channel flow at Reτo ≈

180 using direct numerical simulation. Nine different geometries of the longitudinal
micro-groove structures (varying the width and depth of the rectangular groove cross-
section) were examined: L+go

= 3, 6 and 12, and D+o = 3.6, 7.2 and 14.4, respectively.
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For all cases, the lubricant fraction was fixed at Φ = 0.8. Same computations were
also carried out for air-lubricated surfaces to understand the effects of the lubricating
material viscosity. Considering the small Weber numbers involved, the interface was
assumed to be flat, and both the turbulent water flows above the interface and flows
inside the lubricant layer were simulated, from which the slip velocity and length were
obtained at the interface.

The drag reduction increased with increasing groove width but was more or less
saturated with the groove depth. The amount of drag reduction by the air-lubricated
surface was larger than that of the heptane-lubricated surface because the air–water
interface was almost shear free (as modelled as shear free in previous studies) but the
shear rate on the heptane–water interface was not negligible. The mean streamwise
slip velocity and the r.m.s. streamwise and spanwise slip velocity fluctuations varied
with the groove width, but were relatively insensitive to the groove depth. The mean
streamwise slip length and fluctuating spanwise slip length averaged over the interface
were scaled well with the characteristic length, µRLg tanh(πD/Lg), obtained from the
Stokes flow assumption in the lubricant layer.

It is known that the effective slip length in wall units is closely related to the drag
reduction. Based on the present results, we proposed a model for the effective slip
lengths in the streamwise and spanwise directions, and the predicted results agreed
well with the present DNS data. Four different formulae for the prediction of drag
reduction were examined together with the present effective slip length models. The
predictions were in excellent agreements with those from DNS data. The model was
also validated for a higher Reynolds number of Reτo ≈ 395 and showed very good
agreements.

We showed that the liquid-infused surface (LIS) produces a meaningful amount
of drag reduction in turbulent channel flow. Given the same groove geometry, the
superhydrophobic surface (SHS) reduces more drag than LIS owing to much lower
viscosity of air. However, LIS is more practical as it can maintain a stable lubricant–
water interface under turbulent flows. In addition, owing to more stable interface for
LIS (Rosenberg et al. 2016; Van Buren & Smits 2017), larger groove sizes of LIS
can be used to achieve drag reduction comparable to that of the SHS. For example,
a similar amount of drag reduction can be obtained with LIS when the groove width
of the LIS (heptane) is twice that of the SHS.
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