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ABSTRACT
Direct numerical simulations of the turbulent channel

flow with superhydrophobic surfaces (SHS) are performed.
We employed a staggered type of the SHS and confirmed a
drag reduction effect and an increase of a mean streamwise ve-
locity, while the reduction rate is lower than that of the straight
type. In addition, we investigate the influence of particle ad-
hesion on the drag reduction effect. The particle adhesion de-
creases the drag reduction effect by the SHS. The number of
adhered particles on the staggered SHS is smaller than that of
the streamwise straight SHS. Therefore, we expect the stag-
gered SHS to maintain the drag reduction effect longer than
the streamwise straight SHS.

INTRODUCTION
In turbulent flows, the skin-friction drag accounts for a

substantial proportion of the total drag. The superhydrophobic
surface (referred to as the SHS, hereafter) decreases the skin-
friction drag and has been widely studied (e.g. Daniello, et
al., 2009; Choi and Kim, 2006). The friction drag reduction
is obtained due to the slip velocity. The slip velocity occurs
at the interface between the trapped air into the micro-groove
and the working fluid.

To simulate the turbulent flow over the SHS, the SHS is
represented by combining the no-slip and slip area. Hasegawa
et al.(2011) performed direct numerical simulations (DNS) of
turbulent channel flows with straight and sinuous types of the
SHS and found the increase of the bulk mean velocity. Michael
et al.(2009) performed the DNS of turbulent channel flow to
investigate the effects of width and gap of the slip area of the
straight type of the SHS on the drag reduction effect. Watan-
abe et al.(2017) investigated the effect of the angle between
the flow direction and the direction of the straight SHS on the
bulk mean velocity using the DNS. When the direction of the
SHS coincided with the flow direction, the bulk mean velocity
increased up to 15%.

While the straight SHSs have been studied frequently, we
investigate the effect of the staggered type of the SHS on the
turbulent flow. Moreover, we investigate the influence of par-
ticle adhesion on the skin-friction drag. Since the SHS is ex-
pected to be used on ships as a practical application, the parti-
cles floating in the sea may adhere to the SHS and degrade the
drag reduction rate. Therefore, the investigation of the effect
of the particle adhesion on the skin-friction drag is required.

Accordingly, in this study, the numerical simulations of
the turbulent channel flow with the straight and staggered types

Table 1. Numerical conditions

Domain (Lx,Ly,Lz) = (2π,2,2π)

Number of grids (Nx,Ny,Nz) = (256,96,256)

Total slip area 50%

Bx Lx/10, Lx/2, Lx

Bz Lz/10, Lz/2, Lz

of the SHS are performed. The influence of the particle adhe-
sion is investigated by evaluating the drag reduction rate, the
flow statistics, and the number of adhered particles.

Direct Numerical Simulation
The DNS of the turbulent channel flow with or without

the SHS is performed (Kim, et al., 1987). The governing equa-
tions are continuity and the Navier-Stokes equations of the in-
compressible flow, as
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Here, t is time and p is pressure. The streamwise, wall-
normal, and spanwise coordinates are denoted by x, y, and
z, and the corresponding velocities are u, v, and w, respec-
tively. And xi and ui (n = 1 ∼ 3) are interchangeably used.
The driving force of the main flow is a constant pressure gra-
dient condition, and the friction Reynolds number defined by
the channel half-width and the wall-friction velocity is Reτ =
u∗τ δ ∗/ν∗ = 180. This corresponds to the bulk Reynolds num-
ber Reb = 2u∗bδ ∗/ν∗ = 5600, where u∗b is the bulk velocity and
δ ∗ is the channel half-width. The asterisk means the dimen-
sional variables.

The velocity and pressure are defined on the staggering
grid system. The governing equations are discretized by using
an energy-conserving second-order central difference method
(Ham, et al., 2002). As time advance, we employ the second-
order Crank-Nicolson method for the viscous term and the
memory-saving third-order Runge-Kutta method for the other
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Figure 1. Schematic in the channel flow with the SHS.
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Figure 2. Drag reduction ratio for Cases 1 ∼ 4.

(Spalarta, et al., 1991). Figure 1 shows a schematic of the
channel flow with the SHS, and the numerical conditions are
in Table 1.

The numerical condition is shown in Table 1. We imposed
the periodic boundary condition in the x and z directions. The
channel wall is the SHS represented by a combination of slip
and no-slip conditions area alternately. In Fig. 1, the slip and
no-slip areas are colored by white and black, respectively. The
slip area is 50 percent of the entire wall surface, and a single
slip area is defined by the streamwise length Bx and the span-
wise length Bz. To maintain the symmetry of the flow field, the
same SHS is installed on the upper and lower walls.

DRAG REDUCTION EFFECT
We perform the DNS of the turbulent channel flow with

the SHS without the particles. Figure 2 shows the pattern of
the SHS together with the drag reduction rate: Cases 1 and
2 are the straight types in the streamwise and spanwise direc-
tions, respectively; Cases 3 and 4 are the fine and coarse stag-
gered type of the SHS, respectively. The drag reduction rate is
defined as

RD =
C f 0 −C f

C f 0
(3)

Where C f is the skin-friction coefficient. The subscript of zero
means the no-slip case (without the particles). The drag reduc-
tion rate RD is largest in Case 1 and low in Case 2. Further-
more, RD in the finer staggered SHS of Case 3 is smaller than
in the coarse SHS of Case 4. Figure 3 visualizes the turbulent
vortical structures in the no-slip case and Case 3. The vortical
structure is shown in white. In Case 3, the small vortical struc-
ture in the z direction was generated near the wall boundary

(a)

(b)

Figure 3. Schematic of the turbulent channel flow near the
lower wall: (a) no-slip, (b) Case 3.

between the no-slip and slip surfaces. There is no significant
difference in the vortical structure above the wall between no-
slip and Case 3.

Figure 4(a) shows the mean streamwise velocity. The
streamwise velocity increased in all the as compared with the
no-slip case. The velocity increased the most in Case 1, then
in Case 4, Case 2, and Case 3. The result is consistent with
Fig. 2, since the velocity increase corresponds to the decrease
of the skin-friction drag under the constant pressure gradient
condition. Figure 4(b) shows the streamwise velocity exclud-
ing the slip velocity on the wall u|wall . A downward shift of
velocity profile is observed in the buffer layer.

Figure 5(b) shows the Reynolds shear stress (referred to
as the RSS, hereafter) in the area near the wall. The RSS in
Case 2 is larger than that of the no-slip case. In contrast, in
Cases 1 and 3-4, the negative RSS is found at y+ ≤ 3.

PARTICLE ADHESION
Subsequently, the influence of particle adhesion is dis-

cussed. We start simulations of the particle from the fully
developed turbulent channel flow with the SHS. No particles
are added during the simulation. The particles do not ro-
tate, deform and interact with each other. The one-way cou-
pling method is employed: the flow affects the particles by the
Stokes resistance, but the particles do not affect the flow.

The equation of motion with the Stokes resistance of the
particle is

m∗ ∂vvv∗ppp
∂ t

=−π
2

ρ∗
f CDr∗2

∣∣∣vvv∗ppp − vvv∗fff
∣∣∣(vvv∗ppp − vvv∗fff ) (4)
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Figure 4. Mean streamwise velocity (a) u and (b) u− u|wall .

Here, m is the mass of particles, r is the radius of the
particle, ρp is the density ratio of the particles to the fluid,
vvvppp is the particle velocity, vvv fff is the fluid velocity, and ρp f
is the density of the fluid. The asterisk means dimensional
quantities. The drag coefficient CD is expected as,


CD =

24
Rep

(Rep ≤ 1)

CD =
24

Rep

(
1+0.15Re0.678

p

)
(Rep ≥ 1)

(5)

here, Rep is a particle Reynolds number based on the parti-
cle diameter and the relative velocity between the flow and
particles. In this simulation, the parameters are ρp f = 3 and
r = 2.5×10−3(r+ = 0.45). The number of particles is 10,000.
Therefore, the fraction of particles in the fluid is 0.008%. At
the beginning of the simulation, the particles distribute ran-
domly in the flow, and the local fluid velocity interpolates these
velocities. To express the decrease of the SHS performance by
the particle adhesion, we employ a simple model: the slip cell
on the wall becomes the no-slip cell if the particle contacts. We
compute the no-slip area by the adhesion based on the spheri-
cal surface of the particle.

Figure 6(a) shows the time trace of the bulk velocity con-
sidering the particle adhesion. The bulk velocity gradually de-
creased in Cases 1 and 4, while it is almost unchanged in Case
2 ∼ 3. The bulk velocity corresponds to the drag reduction
rate. Figure 6(b) shows the time trace of the number of par-
ticles adhering to the SHS. The number of particles adhering
to the SHS increased monotonically with time in all the cases.
It implies that the particles are more likely to adhere to the
streamwise straight type than the staggered type.

Figure 7 shows the accumulated adhered-particle on the
wall at 0 < t < 80 for all the cases. The white dot corresponds
to the adhered particle. We found that the particles tend to

(a)

(b)

Figure 5. The Reynolds shear stress for different cases: (a)
0 < y+ < 180 and (b) zoom-up view of the near wall area.

adhere to the slip area.
In order to show the particle adhesion qualitatively, Fig. 8

shows the ratio of the local number of attachments to the total
number of attachments. For Cases 1∼3, the ratio is displayed
in 2π/5×2π/5 since it is the smallest unit for the Case 3. We
found that the particles tend to adhere to the slip area or the rear
region of the slip area, as shown in Cases 1 and 2, respectively.
In a fine staggered arrangement of Case 3, the particles adhere
at the side area of the slip area, where the adhesion at the center
area is little. In a coarse staggered arrangement of Case 4, the
particles adhere uniformly on the slip area.

CONCLUSION
We obtain the significant drag reduction rate by the

straight SHS in the streamwise direction, while the drag reduc-
tion rate by the staggered SHS is lower than that of the straight
SHS. For the staggered SHS, the coarse SHS of Case 4 gives
a more significant drag reduction rate than the finer staggered
SHS of Case 3. Subsequently, we investigate the influence of
particle adhesion on the SHS. The particle adhesion increases
monotonically with time, and the number of the adhered parti-
cles in the staggered SHS is lower than that in the streamwise
straight type. In the finer staggered SHS of Case 3, the decre-
ment of the drag reduction rate and the number of the adhered
particles are slight. Accordingly, the staggered SHS is robust
for the drag reduction rate against the adhesion of the particles.
The distribution of the particle adhesion is also investigated. In
all the cases, the particles adhere to the slip area, and the dis-
tribution depends on the pattern of the SHS. In particular, in
a fine staggered arrangement of Case 3, the particles tend to
adhere to the side area of the slip area rather than the central
area.
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Figure 6. Time trace of (a) the bulk mean velocity and (b) the
number of the particle adhesion.
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Figure 7. The accumulated adhered-particle on the wall at
0 < t < 80. The white dot means a single adhered particle: (a)
Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.
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Figure 8. The ratio of the local number of attachments to the
total number of attachments: (a) Case 1, (b) Case 2, (c) Case
3, and (d) Case 4.
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