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Abstract

Effects of the yaw angle on the drag reduction rate of riblets were investigated experimentally for trapezoidal riblets with
ridge angle of 30° and height-to-spacing ratio of 0.5 in a turbulent wind channel at Reynolds numbers (based on the fric-
tion velocity and channel half depth) Re, = 520 — 2100. Drag reduction rates were estimated carefully by comparing the
streamwise pressure gradients between turbulent channel flows with and without riblets. The maximum drag reduction rate
which was about 7% for the streamwise riblets was maintained without any attenuation for the yaw angle ¢ below 10°. When
¢ exceeded 10°, the drag reduction rate was attenuated steeply and the performance of riblets was almost lost at ¢p = 15°.
The yaw angle at which the drag turned to increase was by 10° smaller than the value reported for the saw-tooth riblets. The
yaw angle effect on the riblet performance was further examined by detailed comparisons of mean velocity profiles and tur-
bulent structures near the ribbed surfaces for ¢ = 10° and 15°. Although no appreciable difference in the turbulent intensity
and pre-multiplied spectrum of near-wall turbulence was found between these cases (¢ = 10° and 15°), the mean velocity
profile for the case of ¢p = 15° indicated an evidence of flow separation at the ridges of riblets, leading to the attenuation of

drag-reduction rate due to increase in the pressure drag.

1 Introduction

Surface manipulation with riblets (or longitudinal grooves)
is one of the most successful passive means to reduce fric-
tion drag in wall turbulence. Since early work by Walsh
and Weinstein (1978) and Walsh (1980a, 1983), several
cross-sectional geometries of riblets (or grooves) such as
sawtooth, scalloped, blade and trapezoidal ones have been
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proposed and their drag reduction effects and underlying
mechanism have been examined experimentally and numeri-
cally (Bechert and Bartenwerfer 1989; Choi 1989; Walsh
1980b; Choi et al. 1993; Suzuki and Kasagi 1994; Wang
et al. 2000). For all the groove geometries of riblets, the drag
reducing effect is divided into three regimes. In the viscous
regime of st < 10-15 (where st is riblet spacing in wall
units), turbulent vortices have no significant impact on the
flow inside grooves, and thus the viscous sublayer over the
riblets is laminar-like. In this regime, the drag reduction rate
due to a viscous effect is linearly proportional to st (Bechert
and Bartenwerfer 1989; Luchini et al. 1991). Beyond this
value of s*, the so-called viscous breakdown occurs and the
drag reducing effect of riblets is saturated at st = 15-20 due
to increase in the turbulent Reynolds stress near the riblets
(Garcia-Mayoral and Jiménez 2011a). When s* is further
increased, the drag reducing effect of riblets is weakened
with st (although riblets still affect activity of near-wall
turbulence) and finally the friction drag turns to increase
(compared to the smooth surface case), that is, riblets act as
roughness. The maximum drag reduction rate realized by
riblets is thus controlled by the viscous effect and viscous
breakdown phenomenon, both of which depend on the riblet
geometry. The maximum drag reduction rate was found to be
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5% (for triangular/sawtooth riblets) to 10% (for blade riblets)
for the height to spacing ratio s/h = 0.5 and the optimal size
of the riblet cross section was over 10-20 in wall units in
terms of the distance between neighboring ridges, depend-
ing on the riblet geometry, as summarized by Bechert et al.
(1997) and Garcia-Mayoral and Jiménez (2011b). Here, con-
cerning the optimal riblet size, Garcia-Mayoral and Jiménez
(2011a) found that when the riblet-ridge spacing was repre-
sented by the square root of the groove cross-sectional area
in wall units (A;)l/ 2, the maximum drag reduction occurred
at (A;j)l/ 2 2 10.7 + 1for all groove geometries. This scaling
was also confirmed by von Deyn et al. (2022).

For practical application of riblets to aircraft, on the other
hand, it is also important to understand impacts of yaw angle
of riblets ¢ (angle between mean flow and riblets) on the
drag reducing effects or the sensitivity of the drag reduction
to flow misalignment because the drag-reducing effect can
be attenuated by additional pressure drag due to flow sepa-
rating at riblet-ridges in case of flow misalignment. In this
concern, Sundaram et al. (1999) applied streamwise riblets
to a 25°-swept-wing in a subsonic wind tunnel experiment
and reported that flow misalignment due to large cross flow
velocity could degrade the riblet performance. Walsh (1982)
first examined the yaw effect experimentally for the saw-
tooth (triangular) riblets (with s/h = 0.5) and found that the
drag reduction rate was nonsensitive to the flow misalign-
ment even at ¢ = 15° and the drag reduction performance
of riblets was expected up to ¢ = 25; also see Walsh and
Lindemann (1984). This value ¢ = 15° has often been cited
as the critical yaw angle of riblets for nonsensitivity to the
misalignment. Understanding of yaw-angle effect of riblets
is also important for designing non-straight riblets such
as spanwise wavy riblets for which some increase in the
maximum drag reduction by 1-2% compared to the straight
riblets was reported (Peet and Sagaut 2009; Sasamori et al.
2014; Okabahashi et al. 2015; Sasamori et al. 2017; Cafiero
and Ius 2022). Concerning other riblet geometries, Hage
et al. (2001) examined the yaw angle effect for triangular,
semicircular and trapezoidal grooves by measuring the drag
of yawed riblets glued on a circular plate directly using a
shear stress balance in an oil channel. Their results showed
that the drag reduction rate was gradually attenuated with
increasing the yaw angle for all groove geometries, without
a distinct threshold below which the drag reduction rate was
not attenuated, which was different from the Walsh’s result.
Okabayashi (2017) conducted a direct numerical simulation
for trapezoidal riblets with ridge angle of 30° at a low tur-
bulent Reynolds number Re, = 180 and reported that the
advantage of drag reduction was kept until ¢ exceeded 20°,
although the simulations were conducted only for st > 17.

In the present study, effects of the yaw angle on the
drag reduction rate of riblets are carefully examined for
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trapezoidal riblets with 30°-ridges experimentally in turbu-
lent wind channel to see how critically the drag reducing
effect of riblets is attenuated by the flow misalignment. In
channel flows over ribbed surface, comparison of drag with
the smooth surface may depend on the (virtual) wall loca-
tion, especially for yawed riblets. In order to reduce uncer-
tainty in the determination of the virtual wall position, the
present experiment was conducted at the Reynolds number
(based on the friction velocity and channel half depth) of
520-2100 in the channel whose depth was 240 times larger
than riblet height.

2 Experimental setup

The whole experiment was conducted in a turbulent wind
channel whose length (L), depth (2H) and spanwise width
(W) were 10 m, 100 mm, and 900 mm, respectively, giving
the aspect ratio of the channel cross section of 9. The flow
was driven by a counter-rotating axial fan. The center-line
velocity U, can be changed up to about 45 m/s continuously:
The maximum Reynolds number defined as Re, = U H /v
(where v is the kinematic viscosity) was 1.50 x 10°. As for
the coordinate system, x was the streamwise distance meas-
ured from the channel inlet, y the normal-to-wall distance
and z the spanwise distance; see Fig. 1a. Both channel walls
(L x W area) were made of transparent and highly-flat-5-
mm-thick glass-plates in order to keep the channel cross sec-
tion to be constant in the streamwise direction, in addition to
the optical access from outside the channel walls. The end
walls (L X 2H area) were of 20-mm-thick Aluminum plate.
Note that the channel was set vertically. The channel glass
walls were supported rigidly by Aluminum frames attached
to the glass walls at an equal interval of 250 mm to avoid
deformation of the glass walls due to higher static pressure
inside the channel than the outside atmospheric pressure; see
Fig. 1b. The channel had 40 pressure taps (0.4 mm in diam-
eter and 3 mm in depth) with an equal interval of 250 mm
in the streamwise direction over 125 mm < x < 9875 mm.
The pressure taps were drilled 225 mm apart from the span-
wise mid position (z = 225 mm). To promote transition to
fully-developed wall turbulence, the inlet flow was tripped
at the channel entrance (x = 200 mm) by gluing two rows
of cylinder-roughness elements (height of 5 mm, diameter
of 4 mm) in a staggered manner on the both walls in the
whole span.

Riblets had triangular ridges with a ridge angle of 30°
and trapezoidal valleys, as illustrated in Fig. 2a. The rib-
lets were manufactured by means of resin mold. The ridge
spacing s and height 4 were 0.83 and 0.415 mm (= 0.5s),
respectively, giving the ratio of the groove cross-sectional
area A, to the square of the spacing A,/ 5% = 0.43. Note that
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Fig. 1 Turbulent wind channel
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the tip thickness of riblet ridges was 0.005 mm. Photographs
of the trapezoidal riblets used are displayed in Fig. 2b. Four
different riblet-ridge alignments were employed; one was
parallel to the mean flow, i.e., streamwise riblets (¢ = 0°)
and the other three were yawed to the mean flow direction,
with the yawed angle ¢ = 10°, 12.5° and 15° as shown in
Fig. 3. A riblet plate (riblet sheets of 2 m long and 400 mm
wide were glued on a 2-m-long glass plate) was connected
to the upstream smooth-surface plate in such a way that the
bottom of riblet-grooves was placed at the same position as
the upstream smooth surface. The virtual origin at which
the mean velocity profile approached zero would be about
0.4h (~ 0.2 mm) below the tip of the ridges for streamwise
riblets having 30°-ridge and trapezoidal grooves (Luchini
et al. 1991). In such a case, the change in the channel cross-
sectional area would be only 0.3% of the channel depth
(2H = 100 mm) and thus the influence of the change in
the cross-sectional area would be negligibly small on the

comparison of friction drag between the smooth and ribbed
surface channels in the present experiment.

Drag reduction rate was estimated by comparing pressure
losses (more exactly speaking, the pressure gradient in the
streamwise direction) between the smooth and ribbed sur-
faces in the downstream test section beyond x = 7000 mm.
The static pressure was measured using high-precision pres-
sure transducer (Validyne). The output signal was stored in
a PC via Analog-to Digital (A/D) converter (NI) with sam-
pling frequency and sampling duration being 1000 Hz and
50 s, respectively. In order to minimize possible influences
of difference in kinetic viscosity in a pair of measurements
for smooth and ribbed surfaces, temperature and atmos-
pheric pressure in the laboratory were monitored. The cen-
terline velocity U, which defined the Reynolds number Re
was measured at the channel exit. In this concern, it should
be noted that in the experiment on drag reduction rates of
riblets, there is 1-m-long smooth surface region (from x = 9
—10 m) downstream of the riblets wall (x = 7-9 m) and thus
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Fig.2 a Schematic diagram of riblet cross section. b Photographs of
streamwise riblets

the flow no doubt returned to that on smooth surface near
the channel exit. Thus, in the comparison of the pressure
gradient in the smooth and ribbed channels, when the center
velocity U, coincides with each other (with and without
riblets cases), we may expect that the flow rates were the
same in both cases. The center velocity was set carefully to
reproduce the same flow condition for both cases; the drag
reduction rate of riblets was examined in the flow condition
in which the difference in the centerline velocity in both
cases was less than 0.05% of U...

The streamwise velocity component (U + u) where U
and u denote the time-mean and fluctuation components,
respectively, was measured using a low-noise constant tem-
perature hot-wire anemometer (Inasawa et al. 2020, 2021).
A hot-wire probe was inserted into the flow from the down-
stream end of the channel. The sensitive length of hot wire
sensor (5-pm-tungsten wire) was 1 mm. A digital micro-
scope (HOZAN) whose working distance from the object

Fig.3 Photographs of yawed
riblets (plan view). a ¢ = 10°,
b ¢ = 15°. The cross-sectional
geometry is the same as that in
Fig. 2
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Fig.4 Photograph of hot-wire rake probe with 48 sensors

to the lens front was 105 mm was employed to monitor/
detect the sensor position relative to the tip of riblet ridges.
The microscope was installed on a high-precision travers-
ing mechanism with spatial resolution of 0.5 pm (SIGMA).
The sensor position could be determined with accuracy of
+10 um, about +£2.5% of the riblet height 4 or £0.2 in wall
units for st & 15, in such a way that the sensor and riblet-
edges were, respectively, in focus. In addition, a hot-wire
rake probe with high spatial resolution was used to visualize
and analyze turbulent structures in the x — z plane near the
ribbed surfaces where a conventional PIV was not available.
The rake probe had 48 hot-wire sensors aligned in the span-
wise direction at an equal interval of 0.6 mm, as displayed
in Fig. 4. This hot-wire rake was operated with a constant
current mode.

In order to change the riblet-ridge spacing in wall units
st =su_/v, the mean streamwise velocity at the chan-
nel center U, was changed from 3 to 13 m/s. Then, the
riblet-ridge spacing in wall units st = su_/v varied from
7 to 33, where u, was the friction velocity on the smooth
surface. Correspondingly, the turbulent Reynolds number
Re, = Hu_ /v ranged over 520-2100.
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Fig.5 Streamwise variation of static pressure p in the smooth-surface channel at a U, = 9.87 and b 12.5 m/s (Re, = 3.22 X 10* and 4.06 X 10%)

3 Results and discussion

In this section, experimental results are presented and dis-
cussed. Results include comparisons of streamwise distribution
of static pressure between smooth and ribbed surfaces, com-
parisons of drag reduction rates between streamwise and yawed
riblets and normal-to-surface distributions of mean velocity and
rms value of turbulence near the streamwise and yawed riblets.

3.1 Mean flow and streamwise distribution of static
pressure

Figure 5 displays streamwise variations of (time-mean)
static pressure of flows in the smooth-surface channel
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at the channel center velocity U, = 9.87 and 12.5 m/s
which gave the Reynolds numbers Re, = 3.22 x 10* and
4.06 x 10*, respectively. We see that the pressure gradient
has approached a constant value beyond a location about
2000 mm (= 40H) downstream of the inlet for each case.
To confirm that the flow is fully developed in the down-
stream text section, mean flow profiles and rms distribu-
tions of turbulent fluctuations on the smooth surface were
measured at x = 9900 mm. In Fig. 6a, b, the y-distributions
of mean velocity U and rms value of streamwise velocity
fluctuation ’ at the turbulent Reynolds number Re, = 520
are compared to the corresponding DNS results (Moser
et al. 1999) made at a close Reynolds number. Here, the
friction velocity was obtained from the velocity profile.
Both U- and u/-profiles agree well with the DNS results,

(b) 3 kl T 11 T 1 L |ﬁ
o[ ) ]
+ i ‘-b—_-—
u's ]
L5 i
1 =
1) ]
H .
L N
- h
O L L ‘ L L 1 ‘ L L 1 ‘ L Il L | 1 L
0 20 40 60 80 100
y

Fig.6 The y-distributions of a mean velocity U and b rms value of streamwise velocity fluctuation u’ in the smooth-surface channel

(Re, = 520). Dashed lines represent DNS (Moser et al. 1999) (Re, = 590)
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confirming that the turbulent flow tripped by roughness
elements was fully developed in the downstream test sec-
tion. Note that a difference in the y™-distributions of u'*
was due to the slight difference in Re..

3.2 Drag reduction rate of streamwise riblets

Streamwise variations of (time-mean) static pressure of
the turbulent channel flows with and without streamwise
riblets measured at Re, = 1090 and 1870 are compared in
Fig. 7a, b, respectively; here, the riblet spacing s* was 18 and
32 in these conditions, respectively. When the flow entered
the riblet region (x > 7000 mm), we can see a slight differ-
ence in the streamwise variation of static pressure between
the smooth and ribbed surfaces for Re, = 1090 (s* = 18 for
riblets). The pressure gradient in the riblet case was smaller
than that for the smooth-surface case, showing that the
turbulent drag was reduced by the riblets. For Re, = 1870
(st = 32 for riblets), on the other hand, the pressure gradient
was nearly the same between the smooth and ribbed surfaces
in the whole distance, indicating that the drag reducing effect
disappeared for s* = 32. Here, it should be noted that the
influence of sudden change in the surface condition (from
smooth to ribbed) at x = 7000 mm lasted about 1000 mm
downstream, that is, it took a distance of 20H for the pressure
gradient to become constant. In this concern, we may refer to
an experiment on the downstream influences of a step-like
change in rough surface in a turbulent pipe flow (Van Buren
et al. 2020), in which the pressure gradient attains the equi-
librium state about 20 radii downstream of the step change.
The distance is the same as that in the present experiment
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Fig.7 Comparisons of streamwise variations of static pressure with
and without streamwise riblets (¢ = 0). Symbols of circle (black)
and triangle (red) represent smooth and streamwise riblets, respec-
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(~ 20H). Therefore, in the present experiments, streamwise
variations of static pressure over 7875 mm < x < 8875 mm
(distance of five pressure taps) were adopted to evaluate the
turbulent drag of the ribbed surface 7,4, while the pressure
distributions over 7375 mm < x < 8875 mm (seven pressure
taps) were used to obtain the turbulent drag for the smooth
surface 7. Note that the pressure gradient dp/dx was
obtained by the 1st-order least-square method for the meas-
ured pressure data.
The drag reduction rate Az was defined as,

A = Triblet ~ Tsmooth ’ )
7o

where 7, . and 7,4, represent the wall shear stresses on

the smooth and ribbed surface, respectively, and 7 is the

wall shear stress at the mid-span of the smooth channel.

Tymooth Was obtained from the pressure gradient (or the pres-

sure drop per 1 m) as,

____wH (dp __9H(dp 2
smooth W+2H\dx /. om 10\ dx / 1 oom @

because W = 18H. Here, it should be noted that the pres-
sure drop is balanced with the friction drag of four channel
walls (left, right and two side walls) so that the wall shear
SLIess Tyyoom Might include a non-negligible influence from
the side walls because the aspect ratio of the present chan-
nel (= 9) is not sufficiently large. In order to understand the
effect from the side walls on the friction drag, we examined
local friction (wall shear stress) over the cross section of
the channel by means of the Preston tube method (Pres-
ton 1954; Patel 1965). Figure 8a, b illustrates the y- and
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tively. Slope of lines represents the values of dp/dx. a Re, = 1090
(U, =7.01m/s, st =18). bRe, = 1870 (U, = 13.1m/s, s* = 32)
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Fig. 8 Distributions of wall shear stress in the cross section of smooth
channel, measured by a Preston tube. a y profiles at z/W = —0.5, b
z profiles at y/H = —1. 7, represents wall shear stress at the channel

z-distributions of local friction measured by a Preston tube
(diameter of 1.5 mm). We see that the local friction was
about 80% of the value at the mid-span of the smooth chan-
nel 7,, (Fig. 8a), while it was nearly uniform over 70% of the
full span (—=0.35 < z/W < 0.35) (Fig. 8b). These variations
in the local friction provide the average shear stress over
the channel cross section to be about 94% of the wall shear
stress at the mid-span (z = 0) 7. Thus, in order to estimate
the friction drag of the smooth surface properly, it is reason-
able to make a correction to the friction estimated from the
measured pressure drop, as

To = 1'06Tsmooth (3)

in the present experiments. Figure 9 compares the friction
factor C; with the Dean’s formula (Dean 1978). Here, Re,
represents the Reynolds number based on bulk velocity U,
obtained from the velocity profiles by hot-wire at z = 0. The
comparison includes both experimental data with and with-
out the correction. A good agreement was found between
the present data with the correction by Eq. (3) and Dean’s
formula. Thus, we used 7, as the wall shear (friction) stress
on the smooth surface to evaluate the drag reduction rate
Art. 7, was also used to calculate the friction velocity u,. In
estimating 7 jp1er — Tsmooth 1N EQ. (2), on the other hand, it may
be assumed that the friction stress is the same as that for the
smooth-surface channel except the area on which riblet sheet

was glued. Then, 7,10 — Temooth 1S g1VeN as,

#) (&)
—2H|| — -\ = . 4
[<dx riblet dx smooth ( )

In Fig. 10a, the drag reduction rate Az is depicted against
the riblet-ridge spacing in wall units s* = su_/v for the

Triblet — Tsmooth —
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mid-span (z = 0). o, U, = 5.8 m/s (U, =5.1 m/s); A\, U, = 8.4 m/s
(U, =74 m/s). The bulk velocity U, was obtained from velocity
measurements by hot-wire at z =0
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0.008 - -

0 1 1 Lol

10°

Fig.9 Friction factor Cf versus bulk Reynolds number Re,,. /\, Cf
from Eq. (2); O, Cf with Preston tube correction by Eq. (3). Solid line
represents Cf = 0.073Re;0'25 Dean (1978)

streamwise riblets (¢p = 0°). Here, for the riblet spacing s*,
the friction velocity (z,) measured on the smooth surface
was used. The measurement was carried out more than 5
times for each s* and the regression curve was obtained for
the measured data using a cubic polynomial. In Fig. 10b,
the drag reduction rate averaged for each data set of s* with
small variation Ast = +1.5is displayed, where a bar for each
data denotes the standard deviation of the measured drag
reduction rate. The maximum drag reduction rate was about
7% for s* = 18 and the drag reducing effect of riblets ranged
to st ~ 32. This result is well correlated with that reported
by Bechert et al. (1997) where the drag force was measured
directly using a balance. It is also noted that the root of the
groove cross section (A;j)l/2 was 11.8 for s* = 18, which
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Fig. 10 Drag reduction rate Az for streamwise riblets. a All measured
data. b Averaged values for s* =88+ 1.5, 11.8 + 1.5, 15.5+ 1.5,
20.1 + 1.5, 24.7 + 1.5 and 30.4 + 1.5. Error bars on each averaged

was close to the optical value 10.7 + 1 proposed by Garcia-
Mayoral and Jiménez (2011b).

3.3 Effects of yaw angle on drag reduction rate

We replaced the streamwise-riblet plate to the yawed-riblet
plates (¢p = 10°,12.5° and 15°) and repeated measurements
of the drag reduction rates in the similar way. In Fig. 11a, the
drag reduction rate (A7) is depicted against the riblet spac-
ing (s) for ¢ = 10°. The maximum drag reduction rate was
about 7% at st ~ 18 and the drag reduction effect of riblets
was preserved up to s* &~ 32. These results were the same
as those observed for the streamwise riblets. Thus, the drag
reducing effect was still preserved without notable increase
in pressure drag at least up to this yaw angle (¢p = 10°). For
¢ = 12.5°,in Fig. 11b, on the other hand, the maximum drag
reduction rate decreased to about 4% at around s* = 15 and
turned to increase beyond st = 25. For ¢p = 15°, the drag
reducing effect almost disappeared and the riblets worked
as distributed roughness for st > 10, as shown in Fig. 11c.
The maximum drag reduction rate in each case is plotted
against the yaw angle ¢ in Fig. 11d, showing that the drag
reduction rate was attenuated steeply when ¢ exceeded 10°.
In this concern, we should refer to the early experiment by
Walsh (1982) in which the yaw angle effect was examined
for saw-tooth (triangle) riblets with ridge angle of 90°. In his
experiment, the drag reduction rate was not attenuated even
at ¢ = 15° and the drag reduction occurred up to ¢ = 25°.
The difference in the yaw angle effect between the triangular
and trapezoidal riblets can be attributed to the fact that the
flow separation would be easier to occur at the riblet-ridges
for the trapezoidal riblets with ridge angle of 30° when the
ridge alignment is inclined to the main flow direction. To
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confirm this, we examined the velocity profiles very close
to the surface of yawed riblets carefully using a hot-wire
anemometer.

Our attention was paid to a close comparison of the mean
velocity profiles near the riblets between ¢ = 10° and 15° in
Fig. 12a, b; Fig. 12b is a close-up of the profiles near the
riblets (y — y;, <4 mm). The comparison was made with
the same s* condition st = 15 where the drag reduction rate
was close to the maximum for ¢ = 0° and 10°, while the drag
had already turned to increase at st = 15 for ¢ = 15°. Here,
the length of hot-wire sensor was 1 mm, while the spanwise
scale of riblet grooves (or distance between the neighboring
ridges) was 0.83 mm for the streamwise riblets and 0.86 mm
for the yawed riblets of ¢p = 15°. Considering that the effec-
tive length to sense the flow velocity was as large as 80% of
the total sensor length (for hot-wire sensor with length-to-
diameter ratio of 200) Champagne et al. (1967), the velocity
profiles in Fig. 12a, b were considered to be those averaged
over one groove. In the case of yawed riblets of ¢ = 10°, it
can be seen that the virtual origin where the mean velocity
profile in the viscous sublayer tended to zero was located
inside the grooves, as that observed in the case of streamwise
riblets, indicating that a local mean cross-flow could exist
inside grooves and also very close to riblet ridges. Note that
according to the theoretical work by Luchini et al. (1991),
the so-called protrusion height (Bechert and Bartenwerfer
1989) which is an offset between the virtual wall position
and the riblet tip is about 0.2s (or 0.4h) for streamwise riblets
with the present groove geometry; the protrusion height of
Luchini et al. was defined for a spanwise averaged veloc-
ity profile, whereas the virtual origin was near the tip of
riblet-ridge for ¢ = 15°. The latter fact indicates that flow
separation occurred at riblet-ridges for the yawed riblets of
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Fig. 11 Yaw angle effect of riblets on the drag reduction rate Az.
Drag reduction rate versus riblet spacing s* (in wall units) for a
¢ =10°b ¢ =12.5° and ¢ ¢ = 15°. d maximum drag reduction rate

¢ = 15° and the separation-induced pressure drag canceled
out the reduction in friction drag. In Fig. 12c, d, the y-dis-
tributions of the rms value «’ near the riblets are compared
between ¢ = 10° and 15°. The maximum rms values were
almost the same for these two cases and smaller than that
for the smooth surface case. Thus, the drag reduction rate
was attenuated for ¢p = 15° despite the yawed riblets could
suppress the turbulent intensity. It is also pointed out that
the u'-distributions for ¢ = 15° was slightly shifted toward a
higher y-position, corresponding to the change in the virtual
origin observed in the velocity profile.

In order to further clarify impacts of misalignment
of riblets on the near-wall turbulence structure, flows
close to the streamwise and yawed riblets were examined
using a rake probe with high spatial resolution; the sen-
sor interval (= 0.6 mm) was slightly less than ridge spac-
ing s (= 0.83 mm). Figure 13a, b illustrates the contours of

(b) 10 B IIIIIIlllllllllllllIIIIIIIIIIIII i
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Ar,, versus ¢. The measurements were conducted more than 5 times
in all cases. Solid lines represent regression curves for measured data

instantaneous streamwise velocity in the vicinity of the sur-
face yt =~ 7 (where U/ U, ~ 0.3) for the smooth and stream-
wise riblet cases at Re, = 1110, where the riblet spacing
was nearly optimal, i.e., st = 18.5 (see Fig. 10). We see that
development of low-speed streaks with spanwise spacing of
about 5 mm (about 100 in wall unit) for the smooth surface
case. For the case of riblets in Fig. 13b, on the other hand,
small-scale velocity fluctuations were found markedly, espe-
cially along high-speed regions, although two-dimensional
rollers due to a Kelvin—Helmholtz instability suggested
from a direct numerical simulation by Garcia-Mayoral and
Jiménez (2011a) were not identified. We performed two-
dimensional spectral analyses for instantaneous streamwise
velocity field thus obtained over the spanwise distance of
28.2 mm (about 600 in wall units) for streamwise riblets
(¢ = 0°) and yawed riblets of ¢ = 10° and 15°.
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gle) at st = 15.5 (Re, = 930). Dotted lines represent distributions in the smooth surface case at the same Reynolds number

In Fig. 14a—c, two-dimensional pre-multiplied power
spectra of near-wall turbulence (y* & 7) for riblets with
¢ = 0°,10° and 15° are illustrated comparing to that for the
smooth surface case at Re, = 1110; where the riblet spacing
st = 18.5. Here, A} and 47 denote streamwise and spanwise
wavelengths in wall unit, respectively. Streamwise wave-
length A, was obtained by means of Taylor’s hypothesis
assuming that all turbulent structures convected at 0.5U..
The maximum power at (47, ﬂ;) ~ (800, 100) in the pre-
multiplied spectrum for the smooth surface corresponded
to the typical streamwise and spanwise scales of low-speed
streaks near the surface. Compared to the smooth surface
case, the intensity of pre-multiplied power spectrum cor-
responding to low-speed streaks on the optimal-size riblets
(st = 18.5) became smaller, and the contours was shifted
to the smaller wavelength side in (4}, 47) although only
slightly. These characteristics agreed with a numerical

@ Springer

simulation at the viscous breakdown stage (Garcia-Mayoral
and Jiménez 2011a). Besides, comparing the pre-multi
spectra for the ¢p = 10°- and 15°-yawed riblets to the stream-
wise-riblet cases, we could not find any notable difference
between them. That is, the near-wall turbulence structure
was little affected by the misalignment of riblets even for
¢ = 15°. Thus, it is reasonable to infer that the drag reduc-
tion rate attenuated at ¢p = 15° was attributed to increase
in pressure drag by the flow separation at the riblet-ridges.

4 Conclusion

Effects of the yaw angle on the drag reduction rate of rib-
lets were examined experimentally using a turbulent wind
channel for the trapezoidal riblets with ridge angle 30° and
height-to-spacing ratio #/s = 0.5. The riblet-ridge spacing
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Fig. 13 Contour maps of instantaneous streamwise velocity (U + u) measured by hot-wire rake at y* =7 (U/U, = 0.3) for Re, = 1110
(st = 18.5 for riblets). a Smooth wall, b streamwise riblet. Note that time 7 is from right to left direction

in wall units s* was changed over 7-32 with controlling
the channel center-line velocity and therefore the Reynolds
number Re_ (= Hu, /v) over 520-2100. Drag reduction rates
were estimated by comparing the streamwise pressure gra-
dients between turbulent channel flows with and without
riblets. The ratio of the channel half depth to the riblet height
H/h was 120. Such large H/h could reduce possible influ-
ences due to difference in the cross-sectional area between
the smooth- and ribbed-surface channels. In addition, we
used long riblet sheets with 40H in the streamwise direc-
tion to avoid possible effect of the surface transition from
the smooth to ribbed surfaces on the measurements of drag
reduction rate. These careful setups of the experiment ena-
bled us to estimate the yaw angle effect of drag reduction
rate with sufficient accuracy.

The maximum drag reduction rate was about 7% at
around s* = 18 for the streamwise riblets. This drag reduc-
tion rate was maintained without any notable attenuation
for ¢ < 10°. When ¢ exceeded 10°, the drag reduction rate
was attenuated steeply to about half at ¢ = 12.5° and the
performance of riblets was almost lost at ¢ = 15°. The effect
of the yaw angle found for the trapezoidal riblets was rather
different from the saw-tooth-riblet case reported by Walsh
(1982): In the experiment for the saw-tooth riblets, the drag

reducing effect was not attenuated even at ¢ = 15° and was
observed at least up to ¢p = 25°. Thus, the yaw angle effect of
riblets was highly dependent on the cross-sectional geometry
of riblets.

The yaw angle effects on the drag reduction perfor-
mance were further clarified by detailed comparisons of
mean velocity profiles and turbulent structures near the
ribbed surface between the yawed riblets of ¢p = 10° and
15° and the streamwise riblets. The turbulence intensity
and pre-multiplied power spectra for the yawed riblets of
¢ = 10° and 15° exhibited no appreciable difference from
those of the streamwise riblets, whereas the mean veloc-
ity profile showed an evidence of the flow separation very
close to the ribbed surface for the yawed riblets of ¢p = 15°.
Thus, although the suppression effect of the turbulence
structure near the ribbed surface was still maintained for
misalignment of ¢ = 15°, flow separation occurred at the
riblet ridges, leading to the attenuation of drag-reduction
rate due to increase in the pressure drag when ¢ increased
to 15° for trapezoidal riblets with ridge angle of 30°. These
facts indicate that the critical yaw angle beyond which the
drag-reducing effect is lost can also be found by investigat-
ing the shift of the virtual origin where the velocity profile
in the viscous sublayer tends to zero.
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Fig. 14 Contour maps of the pre-multiplied two-dimensional power
spectra of streamwise velocity fluctuations at y* ~ 7 (U/U, ~ 0.3) for
riblets of s™ = 18.5 (solid lines) and smooth surface (dashed lines) at
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