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Abstract

Vortical structure in wall turbulence over a sinusoidal riblet surface is investi-

gated by means of a dual-plane stereoscopic particle image velocimetry (DPS-

PIV) measurement. The experiment is made in a channel flow at a friction

Reynolds number of 150. The lateral spacing of the adjacent walls of the sinu-

soidal riblet varies in the streamwise direction and 12% of the drag reduction

rate has been confirmed. The DPS-PIV measurement system consists of four

high-speed CCD cameras. The laser sheets are provided on streamwise and wall-

normal planes and separated 0.5 mm in the spanwise direction to each other.

The profiles of the velocity statistics in the flat case show a good agreement

with previous data. Since all velocity components can be measured on adjacent

laser sheets simultaneously, an instantaneous velocity deformation tensor can

be obtained and vortical structures can be identified by a second invariant of

the tensor i.e., the Q value. The probability of Q value in the riblet side is

almost unchanged from that of the flat side. The analysis of the tracking of

vortical structures by using the Q value is performed. As similar to a pathline

analysis in a previous study, we confirmed that the riblet surface prevents the

vortical structure hitting the wall and vortical structures follow the upward and
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downward flows induced by the sinusoidal riblet surface.

Keywords: turbulent flow, drag reduction, sinusoidal riblet, dual-plane PIV

measurement
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1. Introduction

Skin friction drag in turbulent flows significantly increases owing to activity

of vortical structures near walls. However, it is known that skin friction drag

decreases due to riblet surfaces, which are grooves aligned in the streamwise

direction on wall surfaces. Up to now, numerous types of two-dimensional riblet5

surfaces have been investigated experimentally and numerically (e.g., Walsh [1,

2, 3]; Bechert et al. [4]; Choi et al. [5]; El-Samni et al. [6]; Garcia-Mayoral and

Jimenez [7]; Boomsma [8]).

Walsh [1] made experimental studies for the turbulent boundary layer flow

over the v-grooved 2D riblet surface and confirmed the drag reduction effect10

of 8% at the momentum thickness Reynolds number of 867 to 3900 (the cor-

responding friction Reynolds number is 4300 to 44000). Bechert et al. [4] op-

timized the riblet shape and found 10% of the maximum drag reduction rate

on thin blade riblets at Reτ = 500 ∼ 10400. They considered two-dimensional

(2-D) riblets, whose lateral spacings are kept constant in the streamwise direc-15

tion. Choi et al. [5] performed direct numerical simulations (DNS) of turbulent

channel flows with the v-groove riblet surface and confirmed the drag reduc-

tion rate of 5-6% when the lateral spacing of the riblet walls is 20 in the wall

unit. Difference in statistics between the riblet and flat cases was found in

the region near the walls and the quadrant analysis showed the decrease of20

the drag increasing events (i.e., sweep and ejection events). They suggested

the drag reduction mechanism of the riblet surface related to vortical struc-

ture: since the lateral spacing of the riblet is narrower than the diameter of the

quasi-streamwise vortex (referred as QSV), QSVs are kept away from the wall

and the downwash motion of the vortices is suppressed, resulting in the drag25
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reduction. This effect has also been confirmed in thin rectangular riblets by

El-Samni et al. [6] and in semi-circular grooves by Lee and Lee [9]. Suzuki and

Kasagi [10] performed particle tracking measurement (PTV) over a v-groove

riblet surface at the bulk Reynolds number of 5100 and 12000 (Reτ = 335 and

710) and proposed another drag reduction mechanism of riblets: attenuation of30

the splatting phenomenon causes a decrease of QSV regeneration. It is reported

that the maximum drag reduction by the riblet surface decreases as increasing

the Reynolds number [11, 12, 13].

The virtual origin of the wall-normal coordinate and the definition of the

“channel half-width” are important concept for the riblet surface. If the ri-

blet width is small (i.e., the viscous regime), the drag reduction effect can be

predicted by using the concept of the virtual origin or the protrusion height.

Bechert and Bartenwerfer [14] investigated the viscous sublayer of the flow on

a riblet surface theoretically by using a conformal mapping and determined

“virtual origin” of a longitudinal flow. The virtual origin is the location of an

imaginary flat surface and lies somewhat below the tip of the riblet [5]. Bechert

and Bartenwerfer [14] defined the protrusion height as the distance between the

origin and the tip of the riblet and suggested that the drag reduction occurs

if the protrusion height is small. Luchini et al. [15] defined the virtual origin

of the cross flow and noted the importance of the protrusion height which is

defined as difference between the virtual origin for longitudinal and cross flows.

If the virtual origin for the cross-flow is higher than that for the longitudinal

flow, the streamwise vortical structures are impeded and displaced away from

the wall. The streamwise vortical structure is attenuated, which results in the

skin-friction drag reduction. By using the concept of the protrusion height,

Bechert et al. [4] derived an equation for the drag reduction rate RD as

RD =
0.785 (∆h/s) s+

(2cf )
−1/2

+ 1.25
, (1)

where ∆h is the protrusion height, s is the riblet width, cf is the skin-friction

coefficient. Equation (1) shows that the drag reduction rate depends on the35

protrusion height and increases linearly with increasing the riblet width.
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Inspired by two-dimensional riblets, three-dimensional riblets have been de-

veloped since these have the possibility to provide a higher drag reduction effect

than that of the optimized 2-D riblet. The “three dimensional riblet” means

that a riblet shape varies in the streamwise direction. Bechert et al. [16] made40

the experimental study of the three-dimensional riblet at the channel Reynolds

number of 10000 to 30000. Their riblet was an idealized model of shark skin and

they confirmed 7.3% of the drag reduction. Another three-dimensional riblet

was the wavy riblet [17, 18] aiming to obtain an effect similar to the spanwise

oscillation technique. Okabayashi [19] modified the sinusoidal wavy wall riblet45

(see also, Okabayashi [20]). In addition, Benschop and Breugem [21] confirmed

the drag reduction effect by the herringbone riblet texture.

Sasamori et al. [22] evaluated one of the three-dimensional riblets, i.e., a

sinusoidal riblet surface which provides up to 11.7% of the drag reduction rate

in a turbulent channel flow at Reτ = 150. In the sinusoidal riblet surface, it is50

difficult to predict the drag reduction rate by using Eq. (1) because the lateral

spacing of the riblet walls varies in the streamwise direction. They concluded

that the drag reduction mechanism of the sinusoidal riblet is similar to that of

the 2-D riblet while the average of the lateral spacing of the sinusoidal riblet

surface is larger than the diameter of the vortices. A two-dimensional PIV55

measurement on the streamwise and wall-normal plane over the sinusoidal riblet

surface shows decreases of the root-mean square values of velocity fluctuation

and Reynolds shear stress. Sasamori et al. [22] performed a pathline analysis

and revealed that the riblet prevents “vortex approaching” toward the wall,

owing to the induced upward and downward flows (This effect is confirmed by60

means of the DNS [23]). In consequence, the wetted area of the sinusoidal riblet

is smaller than those of 2-D riblets, resulting in the high drag-reduction effect.

Their pathline analysis, however, did not track the vortical structure directly.

In the present study, we employ the DPS-PIV measurement system to clarify

the influence of the sinusoidal riblet on the vortical structure.65

QSVs are well known to sustain high skin friction drag in wall turbulence.

The Q criterion, the second invariant of the velocity deformation tensor, is of-
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ten employed to identify vortical structures (Hunt et al. [24]); however, it is

difficult to evaluate the Q criterion experimentally due to the limitation on ve-

locity measurements: the Q criterion requires all nine velocity gradients. There-70

fore, the investigation has been restricted to numerical simulations (e.g., Kasagi

et al. [25]; Tanahashi et al. [26]).

Particle image velocimetry (PIV) has been widely used to reveal flow behav-

ior experimentally. It has an advantage of capturing the spatial distribution of

velocity field simultaneously with contactless measurement. Recently, thanks75

to the development of PIV measurement techniques, it has been possible to ob-

tain all velocity gradients without applying any assumptions. The dual-plane

stereoscopic PIV system (referred as DPS-PIV, hereafter) is a simple PIV-based

technique to obtain all velocity derivatives. It consists of two sets of stereoscopic

PIVs and two differentially spaced laser sheets. Kähler and Kompenhan [27]80

first introduced DPS-PIV measurements. Note that they called it the multi-

ple plane stereo PIV. They applied two orthogonally polarized laser sheets and

beam splitters so that one stereoscopic camera could film scattering images on

only one laser sheet. Hu et al. [28] used the same system on a lobed jet flow and

evaluated the accuracy of the DPS-PIV measurement. Unlike their techniques,85

which use orthogonally polarized light sheets and beam splitters, Mullin and

Dahm [29, 30, 31] applied two different frequency laser sheets and narrow-band

filters separating scattered light appropriately. Tanahashi et al. [32] developed

time-resolved DPS-PIV including optical system which requires only two single-

pulse Nd:YAG lasers while the earlier mentioned DPS-PIV systems needs four90

lasers. Furthermore, they evaluated QSVs on a turbulent jet flow and revealed

that the diameter and maximum azimuthal velocity of QSV were consistent with

those analyzed by direct numerical simulation.

In the present study, we focus on the vortical structures over the sinusoidal

riblet surface in order to reveal the relationship between the drag reduction effect95

and the turbulent structures in detail. The vortical structures are identified ac-

cording to the Q criterion by means of a DPS-PIV measurement. The DPS-PIV

can provide all the velocity components and deformation tensors. The objec-
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tive of the present study is to obtain the statistics of the velocities around the

vortical structures and reveal vortex behavior over the riblet surface. Our pre-100

vious studies performed the two-dimensional PIV measurement for wall-normal

plane [22] and the DNS study of turbulent channel flows [23]. The contribution

of the present paper, in contrast, is to measure the Q value directly by the

DPS-PIV measurement and analyze the behavior of vortical structure.

2. Experimental set-up105

The DPS-PIV measurement is performed in a rectangular duct flow. The

skin friction Reynolds number is set to be Reτ = 150 which is defined by the half

height of the duct δ, the kinematic viscosity ν and the friction velocity uτ on

the smooth surface. The friction velocity uτ on the smooth surface is estimated

from the stream velocity profile obtained by PIV measurement. The calculation110

method for uτ is mentioned in 2.1.

The wind tunnel consists of a developing section and a test section: the

former is 3m long and the latter is 4m long. The cross-sectional dimensions of

the wind tunnel are 200× 20mm2. The duct half height δ= 10 mm is measured

by a laser displacement sensor at 332.5δ downstream from the entrance of the115

test section. The working fluid is air. The base flow is driven by a blower at

the downstream end of the wind tunnel. The mass flow rate is adjusted by the

rotating speed of the blower. We install the turbulence grid at the inlet of the

entrance section to provide a fully developed turbulent flow at the inlet of the

test section. As shown later, we have confirmed that the measured flow statistics120

well agree with those in the fully developed channel flow obtained by the DNS.

The sinusoidal riblet is installed on the bottom wall of the test section. The

upper wall is the flat surface.

Figure 1 shows the geometry of the sinusoidal riblet surface. The sinusoidal

riblet is made from acrylonitrile butadiene styrene (ABS) resin and milled by a125

computer numerical control machining center. The wavelength of the sinusoidal

riblet is 360 in the wall unit and the lateral spacing of it varies in the streamwise
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direction sinusoidally. An averaged lateral space is 36 in the wall unit, which is

larger than that of the 2-D riblet (e.g., Choi et al. [5]). Thus, a number of the

walls of the sinusoidal riblet decreases for the unit area and the wetted area of the130

sinusoidal riblet is smaller than that of the 2-D riblet. The design parameters are

determined based on the parametric study by the DNS (Sasamori et al. [23]) and

its drag reduction effect is confirmed by the experiment (Sasamori et al. [22]).

The superscript of plus indicates the wall unit: variable is nondimensionalized

by uτ of the flat side and ν.135

2.1. DPS-PIV measurement

The DPS-PIV measurement is conducted at 3.7 m downstream from an en-

trance of the test section where the fully developed flow has been confirmed.

The DPS-PIV measurement consists of two individual stereoscopic PIV systems

and two laser light sheets. The laser beams with 532 nm wavelength are gener-140

ated by two Nd:YAG lasers and rotated 45 degrees by a half-wave plate. The

laser beams thereby contain both horizontal and vertical polarizations and each

polarized beam is separated by using beam splitters and mirrors. The two laser

beams are then expanded by a cylindrical lens and illuminate two streamwise

and wall-normal planes. Note that the optical system for generating two par-145

allel laser sheets is the same as that used by Tanahashi et al. [32]. In order to

separate the scattered light onto the other plane, the two lasers are polarized in

both the vertical and horizontal directions and separated by beam splitters in-

stalled in front of the cameras. The alignment of the laser sheets and cameras is

shown in Fig. 2. The horizontally polarized laser sheet is aligned at the center of150

the sinusoidal riblet, while the vertically polarized laser sheet is located 0.5mm

away in the spanwise direction from the horizontally polarized laser sheet.

Oil particles of normal 1 − 2 µm diameter are produced with an array of

Laskin nozzles and introduced passively upstream from the developing sec-

tion. All cameras are adjusted in backward scatter configuration satisfying155

the Scheimpflug condition. The angle between the lens axis and the spanwise

axis (orthogonal direction of measured planes) is set to be 30 degrees. The
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scattering particle images in a size of 26× 20 mm2 are captured by high-speed

CCD cameras (1284 × 1024 pixel2) with 45µs pulse separation. The velocity

vectors are yielded by spatial cross correlation of seeding images with a size160

of 32 × 8 pixel2 (0.72 × 0.18 mm2) interrogation window. An overlap of 50%

is applied and high-frequency noise is filtered by a Gaussian filter with 3 × 3

kernel. The overlap is not applied for the calculation of the velocity gradients.

The grid size is ∆x+ = 5.4 and ∆y+ = 1.4 in the case with the overlap and

that is ∆x+ = 10.8 and ∆y+ = 2.8 in the case without the overlap. This grid165

size is very small and is comparable with that of the DNS. Since all instanta-

neous velocity vector fields of 2500 frames at 1000 fps are completely acquired

on each plane, all nine velocity gradients can be calculated by using a second

order central difference scheme on both in-plane and out-of-plane directions.

In order to validate the present DPS-PIV measurement system, statistics are

compared with those performed by the 2D-PIV measurement [22]. Note that

the present DPS-PIV system measures three velocity components, whereas the

2D-PIV system measures two velocity components. Hereafter, u, v, and w are

velocities in the streamwise, wall-normal, and spanwise directions, respectively.

All statistics are nondimensionalized by a friction velocity uτ and viscosity ν.

We use the friction velocity uτ of the flow over the flat surface at a friction

Reynolds number of 150. The procedure to estimate uτ from the velocity field

obtained by the present PIV measurement is as follows. The bulk mean velocity

Ub is calculated by the integration of the streamwise velocity from location of

the maximum streamwise velocity (δumax
) to the upper wall (i.e., flat wall side),

Ub =
1

lx (2δ − δumax
)T

∫ 2δ

δumax

∫ lx

0

∫ T

0

u(x, y, t)dtdxdy, (2)

where lx is the measurement width in the streamwise direction, T is measure-

ment time, and δ is the channel half height. The skin-friction coefficient Cf is

defined as

Cf =
τw

1
2
ρU2

b

= 2
u2
τ

U2
b

, (3)

where we use the definition of the friction velocity (uτ =
√

τw/ρ). The wall shear
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stress and the density of the fluid are denoted by τw and ρ, respectively. There

is an empirical formula for the skin-friction coefficient performed by Dean [33]

and it reads

Cf = 0.073Re−0.25
b (4)

where the bulk Reynolds number is defined as

Reb =
2δUb

ν
. (5)

The empirical formula as shown in Eq. (4) is only for the flat surface case and

the Reynolds number Reb is computed by using the bulk velocity Ub of the flat

side in Eq. (2). The friction velocity uτ is used only for non-dimensionalization

of the statistics for both riblet and flat sides. We isolate uτ according to Eq. (3)

and Eq. (4), i.e.,

uτ = Ub

√

1

2
0.073Re−0.25

b . (6)

Sasamori et al. [22] performed an experimental study for the flow over the170

sinusoidal riblet surface in the same wind tunnel with the present study. They

measured the pressure difference at 275δ downstream from the inlet of the test

section (the pressure taps are located at 187.5δ and 362.5δ) and the flow rate by

a laminar flow mater and showed the drag reduction rate for different Reynolds

numbers. As a result, the maximum drag reduction rate of sinusoidal riblet is175

11.7% at Reb ≈ 3400 corresponds to Reτ ≈ 120. The Reynolds numbers Reb

and Reτ are based on the bulk and friction velocities, respectively.

In the following, we briefly summarize the estimation of the drag reduction

rate in accordance with Sasamori et al. [22]. The drag reduction rate RD is

defined as

RD =
τflat − τriblet

τflat
. (7)

Here, τflat is the wall shear stresses where both the channel walls are the flat

surface and it balances with the mean pressure gradient, as

τflat = −δflat(
dp

dx
)flat. (8)
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In the present case, the upper and lower walls are the flat and the riblet surfaces

respectively and the shear balance is

τ ′flat + τriblet = −2δriblet(
dp

dx
)riblet. (9)

This equation (9) is based on the symmetry of the channel flow between the

walls. However, the flow statistics on the flat surface side agrees with the DNS

data of the flat channel flow as shown in later. It implies that the influence

of the riblet surface on the upper half of the channel lower wall (i.e., the flat

surface side) is very small and τflat in Eq. (8) is regarded to equal to τ ′flat in

Eq. (9). Therefore, the drag reduction rate RD becomes,

RD = 2
δflat(

dp
dx)flat − δriblet(

dp
dx)riblet

δflat(
dp
dx )flat

, (10)

where the factor “2” arises. In order to consider the mass flow rate and the

temperature, we use the total drag coefficient CT instead of the mean pressure

gradient. The definition of CT is

CT =
8L2

zδ
3

1
2
ρQ

2

dp

l
, (11)

where Lz the channel span width, δ is the channel half height, ρ is the density,

Q is the time averaged mass flow rate, ρ is the time averaged density, dp is

the differential pressure, l is the distance between pressure tap. Thus, the drag

reduction rate of Eq. (7) becomes

RD = 2
CT,flat − CT,riblet

CT,flat
. (12)

Since the uncertainty URSS (ANSI/ASME) [34] (95 % coverage) of RD was

approximately 16.8 % at Reb ≈ 3400, they showed that RD of the sinusoidal

riblet is 9.8% < RD < 13.6%.180

In the case of the optimal 2D riblet, the maximum drag reduction of 8%

is obtained. For smaller h+ or larger s+z , the drag reduction rate decreases or

the drag increases. In contrast, the sinusoidal riblet surface reduces the drag at

h+ = 6.3 and s+z = 12 to 60, i.e., the height is smaller and the lateral spacing is

larger than those of the optimal 2D riblet.185
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In the present study of DPS-PIVmeasurement, the friction Reynolds number

is also set to be Reτ = 150, since Sasamori et al. [22] also performed PIV

measurement at the same Reynolds number in which the drag reduction rate

was approximately 10%.

2.2. Direct numerical simulation190

In order to validate measurement results, we conduct a DNS of a fully de-

veloped channel flow with flat walls. The DNS code is based on that performed

by Fukagata et al. [35]: for the time integration, the low storage third order

Runge-Kutta method is used for advection terms and pressure terms and the

Crank-Nicolson method is used for diffusion terms; for pressure-velocity cou-195

pling, the Simplified Marker and Cell (SMAC) method is used; for discretiza-

tion of advection and diffusion terms, the energy conservative second order finite

difference method and the second order central difference method are used, re-

spectively. The computational domain is (Lx ×Ly ×Lz) = (7.2× 2× 3.84) and

the corresponding number of grids is (Nx ×Ny ×Nz) = (512× 256× 2014). Pe-200

riodic boundary conditions are applied in the homogeneous direction. The flow

is incompressible and the governing equations are the continuity and Navier-

Stokes equations. We imposed the constant mass flow rate condition and the

bulk Reynolds number is set to Reb = 4500 (the corresponding skin-friction

Reynolds number is Reτ ≈ 150). All variables are normalized by the twice bulk205

velocity 2Ub and the channel half height. The simulation starts from a fully

developed flow.
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Figure 1: Geometry of sinusoidal riblet at Reτ = 150.

Figure 2: Schematic of dual-plane stereoscopic PIV system.
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3. Result and discussion

3.1. Statistics

Figure 3 shows statistics at different measurement planes. The origin of

the wall-normal coordinate is set to the surface of the bottom wall for the

riblet and flat sides. In this figure, “z+ = 0” indicates the measurement plane

located at the center of the lateral spacing of the riblet walls and “z+ = 7.5”

indicates the measurement plane apart from the center plane. The statistics are

nondimensionalized by the friction velocity of the flat side. The instantaneous

velocity ui is decomposed into a temporally averaged component 〈ui〉 and a

random component, u′

i, as

ui(x, y, t) = 〈ui〉 (x, y) + u′

i(x, y, t). (13)

The rms values are obtained from u′

i(x, y, t). In the flat side, reasonable agree-210

ment is obtained among the present DPS-PIV measurement, 2D-PIV measure-

ment, and the DNS data. The obtained statistics reasonably agree with the DNS

results for both measurement planes except the rms value of spanwise velocity.

As discuss later, this error of the spanwise component influences on the profile

of the streamwise vorticity. A similar trend is confirmed for other statistics as215

shown in Fig. 3(b)-(d). In the riblet side, the statistics at both measurement

planes are smaller than those of the flat surface side and the difference between

the measurement planes is small. We found that u by the DPS-PIV measure-

ment also agrees with that by the 2D-PIV measurement: u in the buffer layer

is smaller that of the flat surface side; u slightly is larger in the log layer. A220

similar tendency has been confirmed in the case of the v-groove riblet for the

turbulent boundary layer flow [2] and the turbulent channel flow [5]. The rms

values of velocities are shown in Fig. 4(b)-(d) and these values in the riblet case

are smaller than that of the flat side.
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Figure 3: Mean profiles of (a) streamwise velocity, (b) urms, (c) vrms, (d) wrms, and (e) the

RSS. The statistics are nondimensionalized by the friction velocity of the flat side.
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Subsequently, we average the statistics of both measurement planes and show

them in Fig. 4. Here, the statistics of the riblet side are nondimensionalized by

the friction velocity of the riblet side considering the virtual origin. Procedure

to compute them is as follows. First, we interpolate the profiles of the rms value

of the streamwise velocity of the riblet and flat sides by a spline method. And

we determine the friction velocity of the riblet side so that the peak value of the

riblet side agrees that of the flat side. Second, we calculate the wall-shift y+0 of

the riblet side by using the following equation [12], as

y+0 =

√

2

cf riblet
−

√

2

cfflat
, (14)

where cf riblet is computed by the obtained friction velocity of the riblet side.225

Figure 4(a) shows the mean streamwise velocity u. In the flat case, reasonable

agreement is obtained between the present DPS-PIV measurement and the DNS

data. In the riblet case, good agreement is obtained in the buffer-layer and the

velocity sift in the log-layer is observed. While good agreement of the rms

value of the streamwise velocity is obtained as shown in Fig. 4(b), the difference230

appears in other statistics as shown in Fig. 4(c)-(e).
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Figure 4: Mean profiles of (a) streamwise velocity, (b) urms, (c) vrms, (d) wrms, and (e) the

RSS. The measurement plane located at the center of the lateral spacing of the riblet wall.

The statistics of the riblet side are nondimensionalized by the friction velocity of the riblet

side considering the virtual origin.
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Figure 5: Reynolds shear stress from each quadrant in the case of the riblet. ◦, first quadrant;

�, second quadrant; △, third quadrant; ▽, fourth quadrant. Filled and non-filled markers

correspond to riblet and flat cases, respectively. Line are the DNS results.

We make the quadrant analysis for the RSS. The RSS is divided into four

quadrants: the first quadrant (u′ > 0, v′ > 0) includes an outward interaction;

the second quadrant (u′ < 0, v′ > 0) includes an ejection motion; the third

quadrant (u′ < 0, v′ < 0) includes an inward interaction; the fourth quadrant

(u′ > 0, v′ < 0) includes a sweep motion. The second and fourth quadrants

are known to correspond to the activity of the quasi-streamwise vortex and

contribute to increasing the RSS. Figure 5 shows profiles of each component of

the RSS. The RSS is divided as

−u′+v′+ =

4
∑

k=1

−u′+v′+Bk. (15)

Where Bk is the probability of each component. In the case of a flat surface, all

quadrants reasonably agree the DNS data. The second and fourth quadrants

dominate, whereas the first and third quadrant are small.
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Figure 6: Production term of u′+u′+: •, flat case by DPS-PIV; �, riblet case by DPS-PIV;

black line, the DNS results.

Figure 6 shows the profiles of the production term. In the flat side, there235

is reasonable agreement between the present result and the DNS result and we

confirmed that it peaks at y+ ≈ 13. In the riblet side, the maximum value also

locates at y+ ≈ 13 where the virtual origin is y+0 ≈ 2.2. Since the riblet height

is h+ = 7.5 and the location of the riblet tip is y+tip = h+ − y+0 = 5.3, the riblet

surface is immersed in the viscous sublayer. In the 2D case by Choi et al. [5],240

the drag decreases in the cases of which y+tip is smaller than the viscous sublayer

thickness (y+tip = 3.8 and 6.6). In contrast with Choi et al. [5], we consider the

3D riblet surface, but y+tip is also smaller than the viscous sublayer thickness.
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Figure 7: Profiles of the rms value of vorticity (a) ω
+
x,rms, (b) ω

+
y,rms, and (c) ω

+
z,rms. The

measurement plane located at the center of the lateral spacing of the riblet wall: •, flat case

by DPS-PIV; �, riblet case by DPS-PIV; black line, the DNS results.

Figure 7 shows profiles of the rms value of vorticity, together with the DNS

results. The vorticity consists of the velocity gradients which are computed245

without using the 50 % overlap. The reasonable agreement between the flat

side and the DNS results is obtained, while the discrepancy appears since the

velocity gradients more sensitive than other statistics. The increment of the

streamwise vorticity is due to the measurement accuracy of the spanwise velocity

component.250
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Figure 8 compares statistics in the flat surface case for different frame rates

(1000 fps and 4000 fps) together the DNS results. The frame rate of 4000 fps is

used at discussion of Q value as follows. The statistics at the center of the two

laser sheets are shown. The reasonable agreement between different frame rate

cases is obtained, while the rms value of the wall-normal vorticity in the 4000255

fps case is overestimated as compared to the 500 fps case and the DNS results.

In the wall turbulence, the quasi-streamwise vortical structures exchange

momentum between the regions near the wall and away from the wall. The

quasi-streamwise vortical structures are often identified by using the second

invariant of the velocity deformation tensor, called by the Q value (e.g., Kasagi

et al. [25]). The Q value is defined as

Q = s′ijs
′

ij − ω′

ijω
′

ij , (16)

where the symmetric part s′ij and asymmetric part ω′

ij of deformation tensor

are

s′ij =
1

2

(

∆u′

i

∆xj
+

∆u′

j

∆xi

)

, (17)

ω′

ij =
1

2

(

∆u′

i

∆xj
−

∆u′

j

∆xi

)

, (18)

respectively. Figure 9 shows a grid system for the measurement. The veloci-

ties are measured on the corner of the cell (denoted by the black circle). We260

interpolate velocities into the center between them (i.e., denoted by the black

triangle) and calculate the velocity gradient at the center of the cell (denoted by

the square). Since two laser sheets are provided, all the nine velocity gradients

are obtained at the center of the two laser sheets. Thus the Q value can be

obtained by using Eq. (16).265
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Figure 8: Mean profiles in flat case: (a) streamwise velocity; (b) RMS values of velocities; (c)
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line, the DNS results.
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Figure 9: Grid for calculation of velocity gradient: circle, measured velocities; triangle, inter-

polated velocities; square, gradient of velocities.

22



100 101 102
-8

-7

-6

-5

-4

-3

-2

-1

0
10-3

Riblet
Flat
DNS

Figure 10: Profiles of negative Q+ over the smooth and riblet surfaces.
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Figure 11: Profiles of intensity and probability of negative Q+ over the smooth and riblet

surfaces.

The Q value, averaged in time and streamwise direction, consists of positive

and negative contributions, i.e.,

Q = Q
∣

∣

Q>0
· B|Q>0 + Q

∣

∣

Q<0
· B|Q<0 . (19)

The profile of Q
∣

∣

Q<0
· B|Q<0 is shown in Fig. 10. As compared with the DNS

results, the measured Q value of the flat surface case is underestimated. This is

due to an underestimation of the probability B as shown in Fig. 11(b), whereas

the intensity of the Q value in the flat side agrees with that by the DNS results

as shown in Fig. 11(a). At y+ < 30, the intensity and probability in the riblet270
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surface case are smaller than those of the flat case. On the other hand, at

y+ > 30, the probability almost agrees with that of the flat surface and it

implies that the “structure” of vortical structure does not change due to the

riblet.
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3.2. Vortical structure275

In the following subsections, we compare the behavior of the vortical struc-

ture between the riblet and flat sides. The vortical structures are displaced away

from the wall, which is major mechanism of the drag reduction effect by the si-

nusoidal riblet and has been confirmed by the pathline analysis [22]. Instead of

the pathline analysis, we directly measure and track the vortical structure by280

using Q value. To clarify the displacement of the vortical structure, the origin

of the wall-normal coordinate is set to be the location of the lower wall surface

and the friction velocity of the flat surface is used for both riblet and flat sides

in the following. Therefore, the “channel half-width” corresponds the distance

between the lower wall and the center of the channel. Sasamori et al. [22] com-285

pared the channel half-width and that determined from the cross-sectional area

and the wetted perimeter. Since the difference between them was 8.8× 10−2%,

they used the distance between the channel walls as the channel half-width. The

present paper therefore is in accordance with it.

Figures 12 and 13 show instantaneous flow fields over the flat and riblet290

surfaces, respectively. The horizontal and vertical axes are the streamwise and

wall-normal coordinates, respectively. The direction of the base flow is from

left to right. The lateral spacing of the riblet is at a maximum at x+ ≈ 180,

expands in the region of 0 < x+ < 180 and contracts in the region of 180 <

x+ < 360. The color contour shows the distribution of the Reynolds shear295

stress (strictly speaking, the product of instantaneous velocity fluctuations) and

spanwise velocity fluctuation. The black line is an isoline of Q+ = −0.01. Here,

spatial resolutions in both flat and riblet cases are ∆x+ = 10.8, ∆y+ = 2.8 and

∆z+ = 7.6. As shown in Figs. 12 and 13, the present DPS-PIV measurement

captures vortical structures: the region enclosed by the isoline of Q+ = −0.01300

is inclined in the streamwise direction and the positive RSS and w′ are found

around them. However, no major difference is observed between the flat and

riblet cases.

Negative Q+ is appropriate to detect the vortical structures, and a condi-

tional averaging is conducted below. We searched for a local minimum of the
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Q value on a line of y+ = 30 (parallel to the horizontal axis), extracted the

flow field around the local minimum, and averaged the flow field in time. Fig-

ure 14(a) shows the conditionally averaged vortical structure in the flat case.

The inclination angle and diameter of the vortical structure are approximately

10 degree and 30 in the wall unit, respectively. The inclination angle θxy is

computed by

θxy = arctan

(

ω′+
y

ω′+
x

)

. (20)

We obtained 10 degree at the core of the vortical structure. The inclined angle

is slightly larger than the shear-layer front angle of 5 degrees [36] and it of 8305

degrees [37] based on space-time correlation. The minimum Q+ value is −0.034

and the induced spanwise velocity fluctuation is observed. Figure 14(b) shows

the riblet case. The spanwise velocity fluctuation is found to decrease as com-

pared with that of the flat case. The minimum Q+ value is −0.031 which shows

a slight recovery from that of the flat case.310
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Figure 12: Instantaneous distributions of (a) Reynolds shear stress and (b) spanwise velocity

fluctuation for a smooth surface. Black line is the isoline of Q+ = −0.01.
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Figure 13: Instantaneous distributions of (a) Reynolds shear stress and (b) spanwise velocity

fluctuation for the riblet surface. The black line is the isoline of Q+ = −0.01.
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Figure 14: Conditional sampled Q+ and w
+
rms of (a) the smooth and (b) the sinusoidal riblet

surfaces.
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3.3. Tracking of vortical structure

In this section, as an extension of Sasamori et al.’s [22] pathline analysis,

we directly track the vortical structure by using a measured Q value in order

to observe the behavior of the vortical structure over the riblet. The frame

rate of PIV measurement is changed from 1000 to 4000 fps to track the vortical315

structure accurately. The corresponding time interval becomes ∆t+ = 1.8. The

procedure of vortex tracking is explained in Fig. 15 and as follows;

• set the threshold value of Q+ = −0.01 and count the region of Q+ ≤ −0.01

as “the vortical structure”;

• calculate the weighted center-of-gravity of the vortical structure and named320

it “the core”;

• predict the core position in the next time step (named as “predicted core”)

using the local velocity at the present core position;

• define the “search area” centering the predicted core and width and height

of the search area are u+
rms(x, y)×∆t+ and v+rms(x, y)×∆t+, respectively;325

• use the flow field in the next time step image (i.e., t+ = t+0 + ∆t+) and

calculate the core position;

• calculate the advection distance of the vortical structure if the core exists

in a search region.

Figure 16 shows a sample of the vortex tracking. Some cores are detected330

(named “A” to “G”) and their trajectories are calculated. The vortical struc-

tures of “A” to “E” are observed from t+ = t+0 to t+ = t+0 + ∆t+, whereas

“F” disappears and “G” appears, respectively. Note that the displacement is

evaluated for “A” to “E” but not for “F” and “G”.

In order to evaluate the displacement of the vortical structure quantitatively,335

we calculate the probability of the wall-normal displacement of the vortical

structure. We make a grid as shown in Fig. 17: the lower cells are located at

11 < y+ < 25 and the upper cells are located at 25 < y+ < 60; the width of the
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Figure 15: Schematic of vortex tracking.

cell is 40 in the wall unit; 18 sections are provided. If the vortical structure, for

example, shifts upward (or the displacement of the center-of-gravity is positive),340

we count it as a positive displacement, i.e., Iup,i = 1 and Idown,i = 0. If the

vortical structure moves toward the wall, we count Iup,i = 0 and Idown,i = 1.

Here I is the counter and is defined at each cell. This process is followed for

all velocity fields. The subscript of i denotes the order of the velocity field.

The probability function of wall-normal displacement of the vortical structure345
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Figure 17: The mesh for the probability calculation.

is defined as

Pup =

∑

i Iup,i
∑

(Idown,i + Iup,i)
, (21)

Pdown =

∑

i Idown,i
∑

(Idown,i + Iup,i)
. (22)

Here, Pup and Pdown denote the probability of the vortical structure leaving the

wall and moving toward the wall, respectively. Note that the sum of Pup and

Pdown equals one.
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Figure 18: Probability density function of the sign of vortex displacement in the wall-normal

direction in the riblet surface case.

Figure 18 shows the probability. In the range of 20 < x+ < 250, Pdown of the350

lower cell increases whereas Pup of the lower cell decreases. This indicates that

the vortical structure, traveling in the region near the wall, approaches the wall

where the lateral spacing of the riblet walls is expanding. At 250 < x+ < 330,

Pup(11 < y+ < 25) is over 0.5, indicating that the vortical structure leaves

the wall region. On the other hand, Pdown and Pup of 25 < y+ < 60 are 0.5355

approximately, which implies the vortical structure travels in the streamwise

direction without approaching or leaving the wall.
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Figure 19: Distribution of time-averaged wall-normal velocity over the riblet surface.

Figure 19 shows the distribution of the time-averaged wall-normal velocity.

In the region near the wall, the wall-normal velocity is negative at 20 < x+ < 260

whereas it is positive at 0 < x+ < 20 and 260 < x+ < 360. The upward and360

downward flows are induced by the sinusoidal riblet surface. The probability

of the vortical structure leaving the wall increases where the upward flow is

induced, whereas the probability of the vortical structure approaching the wall

increases where the downward flow is induced. Even if the vortical structure in

the region near the wall moves toward the wall, it leaves the near wall region365

due to the upward flow induced by the sinusoidal riblet surface.

In the sinusoidal riblet case, the vortical structures are displaced away from

the wall and it results in the skin-friction drag reduction. According to theoret-

ical and numerical analyses by Iwamoto et al. [38], the turbulence in the outer

layer decreases if the near wall turbulence is damped under the constant flow370

rate condition in the channel flow. This effect is confirmed in the boundary layer

flow [39]. This mechanism is similar to the that in the 2-D riblets, although the

lateral spacing of the sinusoidal riblet is larger than those of the 2-D riblet and

the diameter of streamwise vortices.
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4. Conclusion375

Dual-plane stereoscopic PIV measurement for the turbulent channel flow

over the smooth and sinusoidal riblet surfaces was performed. The sinusoidal

riblet surface provided 11.7% of the drag reduction as compared with that of

the flat surface. The advantage of the sinusoidal riblet surface is that it has

large lateral spacing of the adjacent walls of the riblet surface as compared with380

that of the 2D riblet. The PIV measurement was carried out in a channel flow

at the friction Reynolds number of 150. The obtained statistics show reason-

able agreement with the previous studies. Since the present PIV measurement

system provides all the nine velocity gradients, the second invariant of the de-

formation tensor Q+ was calculated and quasi-streamwise vortical structures385

were identified. We found the probability Q+ value over the riblet surface did

not change at y+ > 30, indicating that “structure” does not change.

In contrast to the previous pathline analysis, we directly measure the core

of the vortical structure by using Q value and made the analysis of vortex

tracking. The result shows that the vortical structure in the region near the390

wall follows the upward and downward flows induced by the sinusoidal riblet

surface. Therefore, the drag reduction effect is obtained although the wetted

area of the sinusoidal riblet is small. The obtained results support the discussion

made by previous studies [22, 23]: the riblet prevents the vortex hitting the

wall, which is similar in the case of the 2D riblet surface.395
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