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Apparent slip of shear thinning fluid in a microchannel with a superhydrophobic wall
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The peculiarities of simple shear flow of shear thinning fluids over a superhydrophobic wall consisting of a
set of parallel gas-filled grooves and solid stripes (domains with slip and stick boundary conditions) are studied
numerically. The Carreau-Yasuda model is used to provide further insight into the problem of the slip behavior
of non-Newtonian fluids having a decreasing viscosity with a shear rate increase. This feature is demonstrated
to cause a nonlinear velocity profile leading to the apparent slip. The corresponding transverse and longitudinal
apparent slip lengths of a striped texture are found to be noticeably larger than the respective effective slip
lengths of Newtonian liquids in microchannels of various thicknesses and surface fractions of the slip domains.
The viscosity distribution of the shear thinning fluid over the superhydrophobic wall is carefully investigated to
describe the mechanism of the apparent slip. Nonmonotonic behavior of the apparent slip length as a function of
the applied shear rate is revealed. This important property of shear thinning fluids is considered to be sensitive
to the steepness of the viscosity flow curve, thus providing a way to decrease considerably the flow resistance in
microchannels.
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I. INTRODUCTION

Microfluidic chips have found a variety of applications such
as in biology, medicine and pharmaceutics, and environmental
monitoring [1–4]. They consist of ensembles of microchan-
nels transporting both homogeneous and multiphase fluid
substances. Fluid flow in microchannels usually has a high
hydrodynamic resistance, which may limit the fluid pump rate
and can lead to undesirable deformations or even destruction
of their walls. Reduction of the flow resistance is therefore one
of the key issues in microfluidics. Until recently, in the creation
of microfluidic devices attention was focused on hydrophobic
inorganic or organic materials such as silica, PDMS, PMMA,
PAA, and PC [5]. These materials enable lower friction due
to a weak interaction of fluids with the channel walls. In the
simplest case of Navier boundary conditions [6] the developed
near-wall fluid velocity is proportional to the shear rate with

u0 = l
∂u

∂y

∣∣∣∣
y=0

, (1)

where l is the local slip length. This fundamental characteristic
corresponds to the distance between the fluid-solid interface
and the point where the tangent of the velocity profile is
extrapolated to 0. Although the slip length of a clean smooth
hydrophobic surface is of the order of a few tens of nanometers
[7–9], this effect becomes negligible in the velocity profile for
channels having a distance between walls larger than 1 μm.

Superhydrophobic coatings allow a new approach to solv-
ing the drag reduction problem. They provide a significant
increase in the slip length due to the existing specific
microrelief allowing accumulation of gas bubbles in the
pockets between the microscopic asperities (the Cassie-Baxter
state) [10–12]. Classic examples of such surfaces are lotus
leaves, cabbage, butterfly wings, and water striders. These
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are known for their extremely low wetting properties with
contact angles exceeding 150◦ due to the restricted contacts
with solid projections. The liquid freely moves on the fluid-gas
interface. This motion may be treated as an apparent slip with
an extrapolated length

lapp = ε

(
η

ηε

− 1

)
(2)

by analogy to the two-layer system modeling a near-wall
depletion layer ε whose viscosity ηε is lower than the viscosity
η of the basic medium [13,14]. At the fluid-gas interface, the
apparent slip length varies from a few tens to hundreds of
microns. The alternation of zones with slip and stick boundary
conditions on the superhydrophobic coating results in an
effective slip with a slip length considerably larger than that
of the hydrophobic surface [15–18].

Theoretical studies and numerical simulations of the hydro-
dynamic properties of superhydrophobic surfaces available in
the literature were carried out mainly for Newtonian fluids. In
the case of a random or regular isotropic distribution of posts
or holes, the effective Navier slip length was calculated as the
ratio of the average value of the near-wall fluid velocity to the
shear rate [19–21]. However, most studies have focused on
anisotropic textures consisting of parallel grooves and ribs
[15,16,19,22–30]. These superhydrophobic structures have
attracted particular interest since they allow one to obtain
accurate solutions for the velocity profiles and the effective
slip lengths lNeff,‖ and lNeff,⊥ along and across stripes, which
can then serve as standards for the analysis of numerical
and experimental data. In particular, it was concluded from
these particular cases that the principal effective slip lengths
of Newtonian fluids do not exceed the period L of the
superhydrophobic texture even for a large surface fraction ϕ

of the grooves. In a deep channel with a thickness H larger
than L, the longitudinal and transverse slip lengths become
independent of H , while their ratio is approximately equal
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to lNeff,‖/lNeff,⊥ ∼= 2 [16]. This equality is satisfied for a large
local slip length, l � 5L, at the fluid-gas interface using an
arbitrary value of ϕ [26]. On the contrary, for a shallow channel
with a thickness H much smaller than the period L of the
texture and local slip length l at the fluid-gas interface, we
have lNeff,‖/lNeff,⊥ ∼= 4 [27].

So far, the effective slip length of Newtonian fluids has
always been considered to depend only on the particular struc-
ture of the superhydrophobic surface and to be independent
of the shear rate. However, molecular dynamics simulation
revealed this shear rate dependence of the intrinsic slip on the
hydrophobic surface [31]. This effect is conditioned by the low
fluid-solid interaction energy and results in a sharp increase in
the slip length at a given critical shear rate, being dependent on
the molecular length scales and density of the solid substrate.
In turn, the surface roughness was found to reduce this effect
significantly [32]. The shear-rate-dependent slip of Newtonian
fluids was confirmed experimentally on a smooth partly wetted
solid surface [33] and it was shown that the measured slip
length may increase up to a few microns with an increase in
the shear rate. This effect was theoretically considered to be a
consequence of the dynamic behavior of nanobubbles [34]. In
the case of polymer melt shearing past atomically flat surfaces,
molecular dynamics simulation shows that the slip length
decreases slightly at low shear rates and then quickly increases
at higher rates [35]. This nonmonotonic dependence on shear
rate was shown to be caused by the nonlinear dependence of
the fluid friction coefficient on the slip velocity.

The slip flow of an inelastic shear thinning fluid through
a tube with a superhydrophobic wall containing transverse
grooves and ribs has been studied numerically by Haase et al.
[36] and showed the nonmonotonic dependence of the effective
slip length on the pressure gradient. It was recognized that the
abnormal behavior of the slip length is associated with large
variations in the shear stress near the patterned wall, implying
considerable changes in the viscosity of the non-Newtonian
fluid. The influence of the protrusion angle θ of the fluid-gas
interfaces was also investigated [36] and showed that the
increase in the protrusion angle results in nonmonotonous
behavior of the slip length with its maximum located closely
to the flat interface (θ = 0). It may lead to a small or even
negative slip length, which is in qualitative agreement with
similar results derived for Newtonian fluids [37–40].

In this study, we investigate numerically the peculiarities of
simple shear flow of a shear thinning fluid past an anisotropic
superhydrophobic texture with parallel stripes and grooves
on the bottom wall of a microchannel. The main objective
is to study the physical origin of the abnormal behavior of
the apparent slip lengths both along and transverse to the
texture axes. We found a notable depletion layer over the solid
stripes, significantly reducing the near-wall effective viscosity
of the shear thinning fluid and resulting in an increase in the
apparent slip lengths. The shear-rate-dependent amplification
of the apparent slip is shown to depend on the shape of the
viscosity flow curve.

II. MODEL AND METHODS

The simple shear flow of incompressible Newtonian and
shear thinning fluids is studied. It is generated between two

z

L

y

x
H

FIG. 1. Schematic of the superhydrophobic striped texture.
Boundaries of the computational domain are represented by dashed
lines.

parallel solid plates located a distance H from each other by
the motion of the upper plate at a constant velocity U. The
bottom plate remains fixed. The basic shear rate γ̇ = U/H is
kept equal to 1 s−1 for any distance H between the walls (this
choice is discussed in the final section, where the obtained
results are generalized for a wider range of shear rates). The
lower wall of the channel is covered by a superhydrophobic
texture with a periodical set of parallel solid stripes and grooves
of period L (see Fig. 1). The surface fraction of the grooves of
width δ is equal to ϕ = δ/L.

We suppose that the fluid does not penetrate into the grooves
(Cassie-Baxter state) or protrude towards the fluid and that
the fluid-gas interface is flat. This approximation was shown
to be acceptable for small capillary numbers Ca = ηγ̇ ϕL/σ

and normal pressure. Under these conditions, the interface
curvature can be ignored due to its small influence on the
shear velocity profile [41,42]. However, the fluid depression
may result in the protrusion of bubbles from the grooves,
causing some undesirable effects as a decrease in the slip
length [37,43]. This phenomenon is beyond the scope of our
study. Nonetheless, for a shear thinning fluid, the dependence
of the transverse slip length on the protrusion angle was found
to be similar to that for a Newtonian fluid, varying only with
the shear rate [36]. This suggests that the physical origin of
the shear rate dependence for different slip lengths of a shear
thinning fluid past a superhydrophobic texture (which is the
main objective of this study) should not be noticeably affected
by the protrusion angle of fluid-gas interfaces.

The hydrophilic upper wall of the microchannel is moving
across or along the striped texture. As noted previously, the
slip length at the solid parts of the texture is negligibly small
compared to the slip length at the fluid-gas interface. Hence, the
stick boundary condition was taken for the solid stripes, u0 = 0,
while the perfect slip (or stress-free) boundary condition
∂u
∂y

|
y=0

= 0 was imposed upon the fluid-gas interface. The

velocity field u(x,y,z) in the channel was calculated from
the Navier-Stokes equation along with the incompressibility
condition,

ρ

(
∂u
∂t

+ (u · ∇)u
)

= −∇p + ∇ · σ and ∇ · u = 0,

(3)

where ρ, p, and σ are the fluid density, pressure, and viscous
stress tensor, respectively. Due to the translational symmetry of

013104-2



APPARENT SLIP OF SHEAR THINNING FLUID IN A . . . PHYSICAL REVIEW E 96, 013104 (2017)

FIG. 2. Viscosity flow curves of the Carreau-Yasuda model for
η0 = 1.08 Pa s, η∞ = 0.0023 Pa s, λ = 5 s, a = 1 and different n

exponents: n = 0.01 (line 1), n = 0.2 (line 2), and n = 0.4 (line 3).

the superhydrophobic texture, calculation of the fluid velocity
may be carried out within the computational domain including
the solid strip and groove and obeying the periodic boundary
conditions on its lateral sides. Under these conditions, the
problem of shear flow across the texture is two-dimensional,
while the problem of longitudinal flow must be addressed in
three dimensions.

We study the flow behavior of an inelastic shear thin-
ning fluid. Hence, the viscous stress tensor is defined as
σ = η(J2)D, where the fluid viscosity η(J2) is a function of
the second invariant J2 ≡ ∑

i,j DijDji of the strain rate tensor

Dij = 1
2 (∇iuj + ∇jui), with indices corresponding to axes x,

y, and z of the laboratory coordinate system (Fig. 1). More
particularly, for this non-Newtonian fluid, we consider the
Carreau-Yasuda model, where the viscosity is determined as

η(J2) = η∞ + (η0 − η∞)[1 + (2λ2J2)
a
2 ]

n−1
a ; (4)

here η0 and η∞ are the low and high shear rate viscosities,
respectively; λ is the specific time; and the a and n exponents
define the broadness of the shear thinning interval. If the upper
wall moves along the x axis of the laboratory frame, then
J2 = 1

2 γ̇ 2 and Eq. (4) is transformed to the simple form

η(γ̇ ) = η∞ + (η0 − η∞)[1 + (λγ̇ )a]
n−1
a . (5)

This equation was used successfully to describe the velocity
profiles of various shear thinning fluids such as blood and
polymer solutions in microchannels [44–46]. Particularly,
the viscosity flow curve of a 500-ppm aqueous solution
of polyacrylamide in a microchannel is described by the
following parameters: η0 = 1.08 Pa s, η∞ = 0.0023 Pa s, λ =
5 s, a = 1, and n = 0.2 [46] (see line 2 in Fig. 2).

It is seen that in the range of shear rates between 0.1 and
103 s−1 the viscosity declines steadily, while at γ̇ � 0.01 s−1

and γ̇ � 104 s−1 the fluid viscosity approaches the upper and
lower Newtonian plateaus with viscosities of 1.08 and 0.0023
Pa s, respectively. Therefore, the previously considered basic
shear rate γ̇ = 1 s−1 lies within the shear thinning range.
For this reason, any fluctuations in shear rate will cause
perturbations of the viscosity. As described below, this feature
determines the specifics of the hydrodynamic behavior of a
shear thinning fluid in the vicinity of a superhydrophobic
coating. Figure 2 includes also the viscosity flow curves with
different n exponents. This demonstrates that the decrease in

y/H

FIG. 3. Shear rate profiles calculated for different computational
mesh sizes for a shear thinning fluid flowing in a microchannel with
H/L = 0.5 across a superhydrophobic texture with ϕ = 0.5.

n results in a steeper reduction in viscosity with an increase in
shear rate. The impact of this effect on the slippage of shear
thinning fluids past a superhydrophobic coating is discussed
in the last section.

Note that for the stripe texture with groove surface fraction
ϕ = 0.5 and the given range of shear rates of the shear thinning
fluids (see Fig. 2), the corresponding capillary numbers
Ca = ηγ̇ ϕL/σ are located between 1.4 × 10−2 and 7.1 ×
10−6, thus ensuring that the curvature of the fluid-gas interfaces
is small at the normal pressure [41,42].

The numerical solutions of Eqs. (3) and (4) were carried
out using the OPENFOAM package [47]. The solutions of
the Navier-Stokes equations for an incompressible fluid were
obtained by means of the finite-volume method [48], based
on a sampling of the integral form of the original Eqs. (3) at
each control volume. This ensures the conservation of mass
and momentum on the discrete level. The control volumes
can take any shape and have a different number of adjacent
cells that can meet the challenges in a computational domain
of arbitrary complexity. One of the specifics of the numerical
simulation of the incompressible fluid flow is the lack of an
explicit equation for the pressure. To solve this problem, the
PISO (pressure implicit with splitting of operator) method was
employed.

To determine the optimal homogeneous orthogonal com-
putational mesh, the convergence of solutions obtained for
different mesh sizes was investigated. The shear rate profiles
and the corresponding apparent slip lengths lPapp,⊥ (see Sec. III,
below) were calculated for the considered aqueous solution
of polyacrylamide in a microchannel for a simple shear
flow across the symmetric striped texture with a period
L = 100 μm, a slip area fraction ϕ = 0.5, and a microchannel
thickness H = 50 μm. The results are presented in Fig. 3
and Table I. We can observe that the shear rate profiles and
the effective Navier slip lengths converge to their limits on
the mesh with 250 × 125 cells in the (x,y) plane of the
computational domain shown in Fig. 1. Hence, all results
presented below were calculated on this mesh.
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TABLE I. Apparent slip lengths for different mesh sizes.

Mesh size

50 × 25 100 × 50 150 × 75 200 × 100 250 × 125

lPapp,⊥ 0.282 0.280 0.278 0.274 0.274

III. RESULTS AND DISCUSSION

A. Effective and apparent slip lengths of Newtonian and shear
thinning fluids

Figure 4 presents the mean velocity profiles of a New-
tonian liquid with a viscosity η0 = 1.08 Pa s along with a
shear thinning 500-ppm aqueous solution of polyacrylamide
obeying the Carreau-Yasuda model (Fig. 2). They were
calculated for a simple shear flow along and across a stripe
superhydrophobic texture with ϕ = 0.5 in a microchannel with
a unit nondimensional thickness (H/L = 1). It is shown that
for the Newtonian fluid, the velocity varies linearly and reveals
a slip both along and across the stripes. The corresponding
effective slip lengths lNeff,‖ and lNeff,⊥ are given by the segments
between y = 0 and the intersections of the lines with the y axis.

On the other hand, the velocity profiles of the shear thinning
fluid show a qualitatively different behavior: the mean velocity
changes linearly just away from the bottom wall but its gradient
increases a short distance from the superhydrophobic texture.
This kind of velocity distribution resembles the flow behavior
of a two-layer fluid with a low-viscosity near-wall layer
promoting the apparent slip. The observed nonzero velocity
at the bottom wall (Fig. 4, curves 1 and 2) may be caused by
an additional slip of the virtual low-viscosity layer. As a result,
Eq. (2) is invalid in the case of the shear thinning fluid for the
apparent slip length. The physical mechanism of this behavior
is discussed in the next section. Extrapolation of the linear
parts of the mean velocity profiles of the shear thinning fluid
up to the intersection with the y axis gives the apparent slip
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FIG. 4. Mean velocity profiles of Newtonian (bold dashed lines)
and Carreau-Yasuda shear thinning fluids (bold solid lines) across
(1,1′) and along (2,2′) the symmetric superhydrophobic coating
with ϕ = 0.5 in a channel with H/L = 1. The bold dotted line
represents the velocity profile at ϕ = 0 and basic shear rate γ̇ = 1 s−1.
Extrapolation of the linear parts of the mean velocity profiles of the
shear thinning fluid (thin dotted lines).
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FIG. 5. Dependence of the transverse and longitudinal effective
and apparent slip lengths of Newtonian and shear thinning fluids on
the relative thickness of the microchannel at a surface fraction of
grooves ϕ = 0.5: lNeff,⊥/L (curve 1), lNeff,‖/L (curve 2), lPapp,⊥/L (curve
3), and lPapp,‖/L (curve 4).

lengths lPapp,‖ and lPapp,⊥ along and across the striped texture
(the superscript P denotes the polymeric fluid). As follows
from Fig. 4, these characteristics are significantly larger than
the corresponding effective slip length of a Newtonian fluid.

The dependences of the effective and apparent slip lengths
of the Newtonian and shear thinning fluids on the relative
microchannel thickness H/L are shown in Fig. 5 for a simple
shear flow along and across the symmetric texture. For the
Newtonian liquid, the calculated curves coincide with the
corresponding analytical solutions [16,49]. More specifically,
the numerical simulations result in the relation lNeff,‖ 
 2lNeff,⊥,
which satisfies the known theoretical solution derived under
the condition that the local slip length l at the fluid-gas
interface is much larger than the period L of the striped
texture [16]. On the other hand, the apparent slip lengths
lPapp,‖ and lPapp,⊥ of the shear thinning fluid are several times
larger than the corresponding effective slip lengths lNeff,‖ and
lNeff,⊥ of the Newtonian fluid for any channel thickness. We
observe that for the considered shear thinning fluid, the relation
lPapp,‖ 
 1.88lPapp,⊥ takes place, which differs from that for the
Newtonian liquid. The effective and apparent slip lengths of
both fluids reach saturation at H � L. Also, the saturation of
the longitudinal and transverse apparent slip lengths occurs
at larger values of H for the shear thinning fluid compared
to the Newtonian one. Indeed, in the first case, the threshold
thickness of the microchannel is of the order of Hc ∼ L, while
for a Newtonian fluid Hc is somewhat lower.

Figure 6 shows that an increase in the surface fraction ϕ of
the gas-filled zones in a striped superhydrophobic wall leads
to significant growth of the effective and apparent slip lengths.
The obtained numerical solutions for the effective slip length
of the Newtonian fluid across the texture are in agreement
with the known theoretical result lNeff,⊥ = L

2π
ln [cos−1 (πϕ

2 )]
derived at l � L [16]. However, this relationship does not
hold for the shear thinning fluid. Figure 6 indicates that the
growth of ϕ results in a faster increase in the apparent slip
lengths lPapp,‖ and lPapp,⊥ compared to the similar pair lNeff,‖ and
lNeff,⊥ for the Newtonian fluid. Indeed, the ratio of the apparent
transverse slip lengths calculated at ϕ = 0.5 and ϕ = 0.75
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FIG. 6. Dependence of the transverse and longitudinal effective
and apparent slip lengths of Newtonian and shear thinning fluids
on the surface fraction of grooves of the striped superhydrophobic
texture in a microchannel of relative thickness H/L = 1.5: lNeff,⊥/L

(curve 1), lNeff,‖/L (curve 2), lPapp,⊥/L (curve 3), and lPapp,‖/L (curve 4).

shows that lPapp,⊥(0.75)/lPapp,⊥(0.5) 
 4.2 for the shear thinning
fluid, whereas for the Newtonian fluid this ratio is noticeably
lower, i.e., lNeff,⊥(0.75)/lNeff,⊥(0.5) 
 2.8.

B. Shear-induced structure of a shear thinning fluid
over a striped texture

To understand the origin of the differences in the effective
and apparent slip lengths of Newtonian versus shear thinning

fluids, it should be taken into account that the alternation of
stripes with the slip and stick boundary conditions on the
superhydrophobic texture results in shear rate disturbances in
the microchannel. For a Newtonian fluid it has been found that
the perturbations of flow rate u′ = u − 〈u〉 are rather sensitive
to the channel thickness as well as the surface fraction ϕ of the
grooves [50]. In a wide channel (H/L � 1), the perturbations
are located near the superhydrophobic wall, whereas for a
ratio of H/L < 1, the velocity perturbations capture the entire
space between the walls. On the other hand, an increase in ϕ

leads to an increase in u′. The disturbances in the flow velocity
are linked to the perturbations of shear rate. Figure 7 shows
profiles of the relative shear rates of a shear thinning fluid in
the central sections over domains with slip (x = L/4) and stick
(x = 3L/4) boundary conditions of a striped texture with ϕ =
0.5 (cf. Fig. 1). To make the applied shear rate γ̇ dimensionless
as a function of the type of fluid and flow direction, the unit
shear rate γ̇unit was defined as one of the following values:
γ̇eff,⊥ = U/(H + lNeff,⊥), γ̇eff,‖ = U/(H + lNeff,‖) or γ̇app,⊥ =
U/(H + lPapp,⊥), γ̇app,‖ = U/(H + lPapp,‖). In Fig. 7, the shear
rate drops to 0 at the fluid-gas interface (in accordance with the
stress-free boundary condition), while, by contrast, the local
shear rate increases considerably in the vicinity of the stick
area. This is caused by a sharp decrease in the fluid velocity at
the solid stripes.

Comparison of the Newtonian liquid over the solid stripes
with the shear rate profile (dotted lines) shows a much stronger
perturbation of the shear rate of the shear thinning fluid in this
domain. Nevertheless, their corresponding profiles are almost
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FIG. 7. Shear rate profiles of the shear thinning fluid in the central sections of the slip (x = 0.25L; dashed line) and stick (x = 0.75L; solid
line) areas of the symmetric striped texture ϕ = 0.5 under transverse (a, b) and longitudinal (c, d) shear flow in microchannels of different
thicknesses: H/L = 1 (a, c) and H/L = 0.3 (b, d). Dotted lines represent the corresponding shear rate profiles of the Newtonian fluid in the
central section of the stick area.
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FIG. 8. Variation of the relative viscosity of a shear thinning fluid across a striped texture with ϕ = 0.5 at different distances—y/H = 0
(curve 1), y/H = 0.25 (curve 2), y/H = 0.5 (curve 3), and y/H = 0.75 (4)—from the bottom wall under transverse (a, b) and longitudinal
(c, d) simple shear flow in microchannels with different thicknesses, H/L = 1 (a, c) and H/L = 0.3 (b, d). The dotted vertical line separates
the slip and stick areas of the calculation domain.

identical over the fluid-gas interface. Just as in the case of a
Newtonian fluid, the perturbations of the shear rate of the shear
thinning fluid in the wide channel (H/L � 1) are localized
in a narrow zone near the superhydrophobic wall. On the
contrary, when H/L < 1, the perturbations extend deep into
the microchannel for both transverse and longitudinal flows
[cf. Figs. 7(a) vs 7(b) and 7(c) vs 7(d)].

Figure 8 shows the variations of the relative viscosities of
a fluid across a symmetric striped texture with ϕ = 0.5 under
transverse [Figs. 8(a) and 8(b)] and longitudinal [Figs. 8(c) and
8(d)] simple shear flow at different distances y from the bottom
wall of microchannels with relative thicknesses H/L = 0.3
and 1.0. As can be observed, in both cases, the viscosity of the
shear thinning fluid increases drastically over the slip sections,
reaching a maximum in the center of the zone (curve 1). On
the contrary, the viscosity decreases markedly over the solid
stripes. This occurs when γ̇ /γ̇unit > 1 in agreement with Fig. 7
(solid curves). Over the solid stripes, the viscosity variations
of the shear thinning fluid almost disappear when moving
away from the superhydrophobic coating (see Fig. 8, curves
2 and 3). For the basic shear rate γ̇ = 1 s−1, the viscosity is
stabilized at η 
 0.3η0 in a channel of thickness H/L � 1
[Figs. 8(a) and 8(c), curve 4]. In contrast, in narrow channels
for H/L < 1, the area of viscosity perturbation expands. This
is especially noticeable for a longitudinal flow [Fig. 8(d),
curves 2–4]. These effects are consistent with the behavior
of local shear rates presented in Fig. 7: the increase or
decrease in the viscosity of the shear thinning fluid over the
gas-filled grooves and solid stripes, respectively, is associated

with the fall or rise of the shear rate over the corresponding
areas.

To analyze the viscosity distribution of a shear thinning fluid
along the vertical y axis, we looked at the viscosities preav-
eraged along the x coordinate over the slip and stick areas,
ηslip(y) = 2

L

∫ L/2
0 η(x,y)dx and ηstick(y) = 2

L

∫ L

L/2 η(x,y)dx.
The results are shown in Fig. 9 for a superhydrophobic texture
with groove fraction ϕ = 0.5 and different microchannel thick-
nesses. It can be seen that the relative viscosity ηstick(y)/η0 falls
drastically when close to the superhydrophobic wall, while
ηslip(y)/η0 increases, which is consistent with the behavior of
the local viscosities shown in Fig. 8. When H/L � 1, the main
variations in the viscosities are localized in the narrow vicinity
of the superhydrophobic wall [see Figs. 9(a) and 9(c)]. This
layer is slightly wider for the longitudinal shear flow compared
to the transverse flow. On the contrary, in a narrow channel with
H/L < 1, perturbations of the preaveraged viscosities near
the bottom wall and away from it are of the same amplitude
[Figs. 9(b) and 9(d)], which is due to the deeper penetration of
the shear rate perturbations inside the channel [cf. Figs. 7(b)
and 7(d)]. If these results are compared with the behavior of
the effective (lNeff,‖ and lNeff,⊥) and apparent (lPapp,‖ and lPapp,⊥)
slip lengths of the Newtonian and shear thinning fluids shown
in Fig. 5, we can conclude that the reduction in the slip lengths
at H/L < 1 is associated with the perturbations of the shear
rates.

Figure 10 shows the influence of the groove surface fraction
ϕ on a modification of the shear-induced viscous structure of a
non-Newtonian fluid for transverse and longitudinal flow over
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FIG. 9. Distribution of the relative preaveraged viscosities ηslip(y)/η0 (dashed lines) and ηstick(y)/η0 (solid lines) over the striped texture
with ϕ = 0.5 under transverse (a, b) and longitudinal (c, d) simple shear flow in microchannels with relative thicknesses H/L = 1 (a, c) and
H/L = 0.3 (b, d).

striped textures with ϕ = 0.25 and ϕ = 0.75. It can be seen
that a decrease in ϕ results in a reduction of the preaveraged
viscosities ηslip(y)/η0 and ηstick(y)/η0 in the upper part of the
channel, while an increase in ϕ leads to a shift of the curves
towards higher viscosities. The changes in the preaveraged
viscosities are correlated with the dependence of the apparent
slip lengths lPapp,‖ and lPapp,⊥ on the surface fraction of the
grooves (see Fig. 6). A decrease in ϕ results in a reduction in
the slip lengths, causing an increase in the average shear rates
and, consequently, a reduction in the viscosity of the shear
thinning fluid according to Eq. (5). In addition, the viscosity
drops near the solid stripes (see Fig. 10, curve 2) while it
increases over the grooves (see Fig. 10, curve 1). On the other
hand, the growth of ϕ leads to an increase in the viscosity
perturbations through the depth of the channel (Fig. 10, curves
3 and 4).

The results indicate that the near-wall layer of the shear
thinning fluid over the superhydrophobic texture is highly
heterogeneous and consists in a periodic sequence of high-
and low-viscosity domains (see Figs. 8–10). This impacts
particularly the preaveraged local velocity profiles ustick(y) =
2
L

∫ L

L/2 u(x,y)dx and uslip(y) = 2
L

∫ L/2
0 u(x,y)dx of the trans-

verse shear flow over the solid stripes and gas-filled grooves
at ϕ = 0.5 and H/L = 1 presented in Fig. 11(a) by curves 1
and 2, respectively. The preaveraged velocity ustick(y) over
the stick area decreases gradually to 0, while uslip(y) is
nonzero at the fluid-gas interface, thus indicating a local slip.
Superposition of the preaveraged velocities gives the mean ve-

locity profile u(y) = 1
2 (uslip + ustick) = 1

L

∫ L

0 u(x,y)dx, which
is represented by curve 3 in Fig. 11(a) (cf. Fig. 4, curve 1).

The distortion of the mean velocity profile indicates the
existence of a near-wall layer (ε layer) with an average
viscosity ηε lower than the ηC of the overlying medium. This
layer undergoes slip past the superhydrophobic coating. The
velocity profile is linear above the ε layer and its approximation
to the intersection with the y axis gives the apparent slip
length. For comparison, Fig. 11(b) shows the distribution of the
preaveraged velocities uslip(y) and ustick(y) over the grooves
(curve 1) and solid stripes (curve 2) of the texture together
with the mean velocity profile u(y) (line 3) of the sheared
Newtonian fluid of viscosity η0. For this case, in contrast to
the shear thinning fluid, the mean velocity is a linear function
up to the intersection with the bottom wall, which corresponds
to the effective Navier slip.

C. Mechanism of the apparent slip of a shear thinning fluid

Figure 12(a) shows the relative viscosity field η(x,y)/η0 of
a Carreau-Yasuda fluid under the basic shear rate γ̇ = 1 s−1

across a symmetric texture with ϕ = 0.5 in a microchannel
with a relative thickness H/L = 1. Dark areas correspond to a
high viscosity, while light areas represent domains with a low
viscosity. This viscosity field is in agreement with Fig. 8(a),
showing the viscosity variations of a shear thinning fluid.
The strongly inhomogeneous near-wall layer, with high and
low viscosities over the slipping and sticking areas, is clearly
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FIG. 10. Distribution of the preaveraged relative viscosities
ηslip(y)/η0 (dashed lines) and ηstick(y)/η0 (solid lines) over striped
textures with ϕ = 0.25 (curves 1 and 2) and ϕ = 0.75 (curves 3
and 4) under transverse (a) and longitudinal (b) simple shear flow in
microchannels of relative thickness H/L = 1.

visible. The perturbations of viscosity in the upper part of the
channel are much weaker for the specified thickness.

We consider an approximate model taking into account the
observed viscous distribution to show that such a viscosity
distribution is the main reason for the apparent slip of a shear
thinning fluid past the superhydrophobic texture. To this end,
we select three zones within the computational domain: (i) the
near-wall areas A and B, of the same thickness, abutted against
grooves and solid stripes, respectively; and (ii) the distant
domain C, located above [see Fig. 12(b)]. The thickness ε of the
selected domains A and B is taken to be equal to the distance
from the superhydrophobic wall to the intersection point of the
corresponding average velocity profiles over the slip and stick
areas [Fig. 11(a)]. Viscosities of the A, B, and C domains are
taken equal to the corresponding mean values, which are esti-
mated as the average viscosities of stratified systems flowing
along the layers: ηA = 2ε

L
(
∫ ε

0 (
∫ L/2

0 η(x,y)dx)−1dy)−1, ηB =
2ε
L

(
∫ ε

0 (
∫ L

L/2 η(x,y)dx)−1dy)−1, and ηC = H−ε
L

(
∫ H

ε
(
∫ L

0 η(x,y)

dx)−1dy)−1. Figure 9(a) provides the following relations
between these mean viscosities of the selected domains:
ηB < ηC < ηA.

The simplified configuration of the mean viscosity field
presented in Fig. 12(b) allows us to estimate the average
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FIG. 11. Preaveraged ustick and uslip (curves 1 and 2) and mean
u (curve 3) velocity profiles of shear thinning (a) and Newtonian
(b) fluids sheared across the striped texture with ϕ = 0.5 in a
microchannel of H/L = 1.

shear rate in the A and B domains as γ̇A = uε/(ε + l) and
γ̇B = uε/ε; l is the local slip length of domain A, and uε is the
velocity at the outer border of the ε layer. The viscous stresses
in the A and B domains are σA = ηAγ̇A and σB = ηBγ̇B .
The macroscopic average shear rate and viscous stresses are
defined as γ̇ε = ϕγ̇A + (1 − ϕ)γ̇B and σε = ϕσA + (1 − ϕ)σB ,
respectively. They represent the hydrodynamic characteristics
of a homogenized ε-layer boundary [Fig. 12(c)] and their
relationship σε = ηεγ̇ε determines the effective viscosity of
the ε layer as

ηε = ϕηAε + (1 − ϕ)ηB(ε + l)

ε + l(1 − ϕ)
. (6)

In the considered case of a perfect local slip, l → ∞, Eq. (6)
gives ηε = ηB . This means that the effective viscosity of the ε

layer is of the order of the average viscosity of zone B located
over the sticking area. This is the lowest local viscosity of the
shear thinning fluid over the striped texture and provides the
necessary condition for the occurrence of the apparent slip. On
the other hand, unlike in the classical case [see Eq. (2)], the ε

layer undergoes slip. The corresponding effective Navier slip
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FIG. 12. Relative viscosity field η(x,y)/η0 of a shear thinning fluid under simple shear flow across the superhydrophobic striped texture
with ϕ = 0.5 at H/L = 1: (a) result of the numerical calculations; (b) averaged viscosities in the A, B, and C domains; (c) averaged two-layer
structure.

length lε of the ε layer can therefore be estimated from the
comparison of the above definition of the average shear rate
with the relationship γ̇ε = uε(ε + lε)−1 and gives

lε = ϕεl

ε + l(1 − ϕ)
. (7)

In the limit of the perfect slip (l → ∞) the effective slip length
is equal to lε = ϕ(1 − ϕ)−1ε and an increase in the groove
surface fraction results in an increase in lε as it should.

To estimate the apparent slip length lapp, the flow velocity
profile uC(y) in the upper layer, C, is determined by the ratio
uC = U (y + lapp)(H + lapp)−1. Here, the flow velocity at the
upper border of the ε-layer is equal to uε = U (ε + lapp)(H +
lapp)−1. Taking into account the continuity of the viscous
stresses at the interface between domain C and the ε layer
as well as the definition of the shear rate γ̇ε in the ε layer, we
obtain the required apparent slip length of the shear thinning
fluid past the striped superhydrophobic wall:

lapp = ε

(
ηC

ηε

− 1

)
+ ηC

ηε

lε. (8)

The first term in Eq. (8) is similar to Eq. (2) for the apparent slip
length of Newtonian fluids, while the second one represents
the contribution of the effective Navier slip of the ε layer. The
last term is found to increase the apparent slip length of the
shear thinning fluid [cf. Eq. (2)]. Substitution of Eq. (7) into
Eq. (8) gives

lapp = ε

(
ηC

ηε

ε + l

ε + (1 − ϕ)l
− 1

)
, (9)

which, for a perfect slip at the fluid-gas interface, becomes

lapp = ε

[
ηC

ηε

(1 − ϕ)−1 − 1

]
. (10)

In the case of a symmetric texture with ϕ = 0.5, this gives
lapp = ε(2 ηC

ηε
− 1). Hence, Eqs. (8)–(10) indicate that at a given

fraction of the slip areas of the superhydrophobic wall, the
magnitude of the apparent slip length of the shear thinning
fluid is governed by the ratio ηC/ηε of the mean viscosities of
the C domain and ε layer.

A comparison of the transverse apparent slip lengths lPapp,⊥
calculated numerically with those estimated from Eqs. (6) and
(9) at different fractions of the slip areas is shown in Fig. 13. It
can be seen that the rough estimates of the apparent transverse

slip length almost coincide with the results of the numerical
simulation for ϕ = 0.25 and 0.5, whereas at ϕ = 0.75 they
are only qualitatively consistent. This is due to the fact that
the simplified representation of the ε layer corresponds better
to the local viscosity distribution at ϕ � 0.5 [cf. Figs. 9(a)
and 10(a)]. However, at ϕ = 0.75 the viscosity disturbances
in the upper part of the channel become comparable to those
in the vicinity of the striped texture [see Fig. 10(a), curves
3 and 4]. This leads to degeneration of the ε layer and thus
increases the inaccuracies of the estimates. The same holds true
for narrow channels of thickness H < L when the viscosity
perturbations are not localized near the superhydrophobic wall,
making the simplified model inappropriate [cf. Fig. 9(b)].
Nevertheless, even in this case, the estimated apparent slip
length remains valid qualitatively. Hence, it may be concluded
that the viscosity variations near the superhydrophobic wall
provide the major contribution to the nonlinear behavior of the
velocity profiles of the shear thinning fluids (see Fig. 4). The
same mechanism of apparent slip is valid for the longitudinal
flow. The only difference is that the viscosity perturbations in
the vicinity of the superhydrophobic texture in this case are
larger than those in the transverse flow, while the perturbations
rapidly decay away from the bottom wall [see Fig. 9(c)].

0

0.5

1

1.5

2

0 0.5 1 1.5 2H/L 

1 

2 

3 

lP
app,  /L 

FIG. 13. Comparison of the behavior of the apparent transverse
slip lengths of the shear thinning fluid obtained by numerical
simulation (solid lines) and from Eqs. (6)–(9) (dashed lines) in
microchannels with superhydrophobic coating of different fractions
of grooves: ϕ = 0.25 (curve 1), ϕ = 0.5 (curve 2), and ϕ = 0.75
(curve 3).

013104-9



STANISLAV PATLAZHAN AND SERGEI VAGNER PHYSICAL REVIEW E 96, 013104 (2017)

Also, the angular displacement  of the stripe superhy-
drophobic texture relative to the flow direction may result in the
generation of a secondary helicoidal flow favoring the mixture
of fluids [51–53]. For Newtonian fluids, the corresponding slip
length lNeff, was shown to match the known expression lNeff, =
lNeff,⊥ cos2  + lNeff,‖ sin2 , thus confirming the concept of a
tensorial effective slip [54,55]. Our numerical calculations
also confirmed this result. However, for the non-Newtonian
shear thinning fluid, we found a deviation of the numerically
estimated apparent slip length from the equation lPapp, =
lPapp,⊥ cos2  + lPapp,‖ sin2 , indicating a violation of the tensor
form of the apparent slip. The indirect evidence of this
inference is the large difference in the helical flow periods
of the Newtonian versus shear thinning fluids over the same
superhydrophobic stripe textures [52,53], which is caused by
the formation of the mentioned near-wall depletion layer in
the latter case. This issue would require a more detailed study.

D. Shear rate dependence of the apparent slip length

The mechanism of the apparent slip discussed above is
triggered when the basic shear rate falls within the range
of the viscosity decrease of the non-Newtonian fluid (see
Fig. 2). It results in a multidirectional variation of the local
viscosities over the fluid-gas interfaces and solid stripes due
to the free motion and slowing-down of the fluid, respectively,
thus engendering a low-viscosity boundary layer. So far, we
have considered the hydrodynamic phenomena at a given shear
rate γ̇ = 1 s−1. The apparent slip lengths at this shear rate
were shown to reach the highest levels when the microchannel
thickness H is equal to or larger than the period L of the
striped texture (see Fig. 5). In this case, the ratio of the
transversal apparent slip length of a 500-ppm aqueous solution
of polyacrylamide to that of a solution of pure water is equal to
lPapp,⊥/lNeff,⊥ 
 6.38. This raises the question whether we can
get larger slip lengths. For this, we examined the effect of shear
rate on the apparent slip length, which, quantitatively, should
also depend on the rate of viscosity reduction controlled by
the exponent n in the Carreau-Yasuda model [see Eqs. (2)
and (4)].

Figure 14 shows the dependence of the apparent transverse
slip lengths lPapp,⊥ on the applied shear rate γ̇ at n = 0.01, 0.2,
and 0.4 in a microchannel with relative thickness H/L = 1 and
a striped superhydrophobic texture with ϕ = 0.5. It follows
that lPapp,⊥(γ̇ ) is a nonmonotonic function. The magnitude and
location of the maximum slip length are rather sensitive to the
value of n. More specifically, the decrease in n is shown to
cause (i) a increase in the maximum l

max,P
app,⊥ of the slip length

and (ii) a shift of the corresponding shear rate γ̇max towards
smaller values.

Table II reports a sharp increase in the relative slip length
lmaxP
app,⊥/lNeff,⊥ at n = 0.01 in comparison with larger values of n.

This highlights the prospects of inelastic shear thinning fluids
with sharp variation of viscosity flow curves for considerable
drag reduction.

The origin of the nonmonotonic behavior of the apparent
slip length with the shear rate is associated with the viscosity
distribution in the microchannel. According to Eq. (10), the
apparent slip length of the shear thinning fluid is governed by
the ratio of the average viscosities ηC and ηε in the C domain
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FIG. 14. Variations of the relative apparent transverse slip length
lPapp,⊥/L with the basic shear rate in a microchannel with relative
thickness H/L = 1 and striped texture with ϕ = 0.5 for n = 0.01
(curve 1), n = 0.2 (curve 2), and n = 0.4 (curve 3).

and ε layer defined above [Fig. 12(c)]. Figure 15 shows the
variation of the viscosities with the shear rate. The increase in
shear rate results in a faster decrease in the ε-layer viscosity
ηε than in the viscosity ηC in the C domain. A decrease in n

leads to a sharper drop of ηε with γ̇ , while it virtually does
not influence the behavior of ηC(γ̇ ). As a result, the viscosity
ratio ηC/ηε becomes a nonmonotonic function of the shear
rate. This is shown in the inset in Fig. 15.

At low and high shear rates corresponding to the upper and
lower Newtonian plateau of the Carreau-Yasuda fluid, both the
viscosity ratio and the apparent slip length take the smallest
values (cf. Figs. 14 and 15). The latter one confirms the early
result about the weak dependence of the effective slip length
of Newtonian fluids on their viscosity [15,16,26]. On the other
hand, the maximum of the viscosity ratio ηC/ηε increases
promptly with a decrease in the exponent n, thus leading to an
increase in the apparent slip length in accordance with Eq. (10).
The shear rates γ̇max corresponding to the maximum of ηC/ηε

at different values of n coincide with those of the apparent slip
length derived independently from the velocity profiles (see
Fig. 4). These data provide additional support that the apparent
slip length is attained due to the viscosity perturbations of the
shear thinning fluid near the superhydrophobic wall.

It is noteworthy that the shear rate γ̇max at the maximum of
the apparent slip correlates with the position of the inflection
point γ̇inflect of the viscosity flow curve where the inclination of
the curve is maximal (see Fig. 2). A decrease in the exponent
n results in a decrease in both shear rates γ̇max and γ̇inflect

(see Table II). Thus, one can conclude that the lowest drag

TABLE II. Dependence of slip characteristics on the exponent n.

n

0.01 0.2 0.4

l
max,P
app,⊥ /lNeff,⊥ 28.78 7.60 3.15
γ̇max (s−1) 2.10 3.16 8.00
γ̇inflect (s−1) 4.43 6.95 12.99
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FIG. 15. Dependence of relative average viscosities ηC/η0 (solid
lines, filled symbols) and ηε/η0 (dashed lines, open symbols) of the
C domain and ε layer on the basic shear rate γ̇ in a microchannel with
H/L = 1 and striped texture with ϕ = 0.5 for n = 0.01 (open and
filled circles) and n = 0.2 (open and filled triangles). Inset: Variation
of the viscosity ratio ηC/ηε with the shear rate.

resistance in microchannels with superhydrophobic coating
can be achieved with the shear thinning fluids having the
steepest drop in the viscosity flow curve with shear rate.

IV. CONCLUSION

In summary, we have studied the peculiarities of slip
behavior of shear thinning fluids in microchannels past a

striped superhydrophobic texture. Using the Carreau-Yasuda
model, we found that the origin of the slip flow of non-
Newtonian fluids qualitatively differs from that of Newtonian
fluids. The slip of shear thinning fluids is associated with the
formation of a heterogeneous near-wall layer whose effective
viscosity is much lower than that of the upper part of the
channel. This depletion effect changes the average velocity
profile of the shear thinning fluid, leading to the apparent slip.
The resulting transverse and longitudinal apparent slip lengths
are considerably larger than the effective Navier slip lengths
of Newtonian fluids past the same superhydrophobic texture.
The slip behavior of the shear thinning fluid is governed by the
ratio of the effective viscosity of the near-wall depletion layer
to that of the upper domain.

The apparent slip length is a nonmonotonic function of the
shear rate. The position of its maximum corresponds to the
shear rate located close to the inflection point of the viscosity
flow curve. The increase in the curve steepness (due to the
reduction of exponent n in the Carreau-Yasuda model) leads
to a considerable increase in the apparent slip length. This
important property of the shear thinning fluid was found to
arise due to a corresponding decrease in the effective viscosity
of the near-wall layer and may be used for notable drag
reduction of microchannels.
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