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Abstract

Turbulent boundary layers are investigated over spanwdse o
cillating and straight riblets for a range of Reynolds nursbe
(1400< Re < 2800). This work is motivated by previous stud-
ies of riblets [2] and temporal spanwise oscillation [10tth
have both separately demonstrated viscous drag reduction i
turbulent boundary layers. Mean velocity profiles acqueer
these surfaces are regression fitted to the canonical anbul
boundary layer profile using the roughness modified Clauser
and velocity defect plots to determine the friction velpdit;

and virtual originzg. This method for meandering riblets is in-
conclusive with the variation df; andzy within the margin of
experimental error. For both meandering and straight tgble
robust modifications are observed in the turbulence into$i

the streamwise velocity signal/§ and pre-multiplied energy
spectrum Kx@yy). A reduction in the near-wall peak af is ob-
served for both riblet cases compared to the smooth walk Thi
is more pronounced for the meandering case. The measured
energy spectra in the near-wall region suggest that forithe r
blet cases the energy contribution from scales consistéht w
the near-wall cycle are reduced. This is again more proreminc
for the meandering case. Finally, it is noted that compaoed t
the smooth wall the meandering riblets increase the madmitu
of large-scale turbulent energy in the outer part of the bdeun
ary layer ¢/6 ~ 0.07), suggesting that these surfaces modify
the largest scale coherent motions residing in the log ariet wa
regions of the flow.

Introduction

Straight riblets have been researched extensively bastgwon
ability to reduce the skin friction of turbulent boundaryéas.
Reference [8] provides a review of research on straighetsbl
Riblets of different cross sectional geometries have bken t
oughly investigated by [1]. Riblets of spaciaf = 15 to 25 and
with spacing to height ratis/h ~ 0.5 yield optimal drag reduc-
tions (heresis the spanwise peak-to-peak spacing of the riblets,
h is the peak-to-trough riblet height and the superscripep-
resents scaling with viscous units, i€ = sU; /v whereUy is

the friction velocity andv is the kinematic viscosity). Active
perturbations with spanwise oscillation of wall flows hal&oa
been studied for flow control and can yield a drag reduction as
high as 40% in turbulent boundary layer flows [7, 10]. Howgver
an energy input is required for the wall oscillation, whichem
accounted for reduces the net energy savings. The promising
aspects of spanwise oscillation for drag reduction couplitil

the impracticality of wall oscillations in real world apgéitions
has instigated the study of meandering riblets to passively
duce spanwise oscillations of turbulent boundary layerpreA
vious LES study on meandering ribletsRé = 180 has been
conducted by [9] who obtained a drag reduction @3 (a re-
ported 2% improvement over conventional straight riblet$le
work reported in this paper focuses on an experimental sttidy
meandering riblets at moderately high Reynolds Number.

Method

Boundary layer profiles over the meandering and straigletrib

tiles are acquired at Reynolds numtee= 1400, 2000 and
2800 (whereRe is the friction Reynolds number defined as
Re = dU¢ /v whered is the boundary layer thickness based on
99.5% of freestream velocity). A single-normaji hot-wire

is mounted on a traverse located 4 m downstream of the trip in
the tunnel working section (84 x 0.375 m cross section 6.7

m streamwise length). The hotwire is operated in constam te
perature mode using an in-house Melbourne University eomst
temperature anemometer (MUCTA). The riblets tiles aredsize
at 500 mmx 300 mm, with measurements conducted over a test
surface consisting of 8 tiles covering a central streamgfisp

of length 4 m from the trip inlet in the tunnel. Figure 1 shows
the meandering riblet geometry used in the current invastig
tion. Throughout this papet, y andzrefer to the streamwise,
spanwise and wall-normal directions respectively. Th®eass
ated velocity components atev andw. Capitalised variables
and over bars denote time-averaged values, and lowercase de
notes fluctuating quantities.

Figure 1: Schematic of meandering riblets.

Meandering Riblets

Aside from the riblet cross-sectional geometriesaids) two
additional parameters of the meandering riblets are to be de
termined — the streamwise wavelendth and amplitudeA of

the meandering arrangement, as illustrated in Figure 1.t Mos
present literature on spanwise wall oscillations focus em-t
poral forcing of the oscillating wall. However, [10] perfoed

a DNS study investigating spatial spanwise forcing funtio
which were reported to yield similar optimal drag reducsion
They reported a maximum drag reduction of 52% with a stream-
wise forcing wavelengti\] = 1250 and spanwise velocity am-
plitudeV ™ = 20. Our initial experiment focuses &g = 2000,
where the meandering riblets were designed with= 1250
and a streamwise wave amplitudé = 55 at this speed. Note
thatA here is a length scale, wheredss reported in [10] is a
velocity scale. From [10], their results suggests that &igh
yields higher drag reduction, with no obvious limiting badun

In contrast, the results of reference [4] suggest that’aibtet
yaw angle is a limiting bound for drag reduction. The ampléu

of the meandering riblets in this study is hence limited sihelt



the maximum yaw angle from the streamwise direction (at the
position/\y/2 of a sine wave) i = 15°. With a maximum yaw
angle ofd = 15° and a streamwise wavelength/gf = 1250, we

use equation (1) to obtain the approximate maximum spanwise
displacementA™) of the meandering riblets.

~ Ajtan(B)

A+
21

@
Assuming a convection velocity at the crest of the ribletaf
proximatelyUc"™ ~ 10, and assuming the riblets redirect the flow
atthe meandering angle, we estimdte~ 3 (which [10] shows
for Aj = 1250 could give up to 15% drag reductions). The ri-
blets are of 60triangular cross-section with height and spacing
set ath™ = 18 ands™ = 25, which was inherited from previous
studies of converging-diverging riblet geometries conedais-
ing the same facilities (see [6] for description).

Straight Riblets

Straight (non-meandering) riblets were also studied teesas

a baseline case to isolate the effect of the meanderinggeran
ment on the boundary layer profiles. The riblet cross-sectio
differs slightly from the meandering case. They are of sgall
semi-circular shaped with height and spacing sétat 9 and

s™ = 18, determined from the optimum straight riblet geome-
tries for drag reduction as reported by [1]. Similar mantifac
ing processes, materials and experimental set-up werdgextiop
as with the meandering riblets. Since the effect of straight
blets is largely confined to the near-wall region [2], it i$i&eed
that, it is unlikely that this slight difference in crosssien can
account for any differences between the straight and meande
ing cases further from the surface. Any wider modificatians t
the large-scale structure inhabiting the outer region efflbw
would most likely be attributable to the meandering profile.

Table 1 tabulates the riblet cross-sectional geometridsvaat
andering parameters corresponding to the different Regnol
number experiments. It should be noted that due to difficul-
ties in determining the friction velocity; over the ribbed sur-
faces, all dimensions are here non-dimensionalised uséid;t

of smooth wall at that particular Reynolds number.

Re =1400 Reg =2000 Re =2800
Ue (Mms™T) 10 15 20
x (m) 4 4 4
Meandering 60° tip triangular cross-section
hh 12.5 18.0 24.0
sh 17.0 25.0 325
NS 880 1250 1680
At 37.5 55.0 72.0
Straight scallop/semi circular cross section
hd 6.0 9.0 12.0
ss 12.0 18.0 24.0

Table 1: Geometries of riblets in wall units. Subscriptands
corresponds to meandering and straight riblets according|

Determining the wall-normal position

Experiments are conducted in a zero pressure gradient wind-
tunnel with a working section of.04 mx0.375 m cross-section
and length 67 m. The hot-wire probe is placed 4 m downstream
from the tripped inlet and is mounted to a cylindrical stihgttis
attached to a stepper motor driven vertical traverse. Acadly
traversing microscope is used to position the probe as elsse
0.25 mm from the smooth wall or the riblet tips for the start of
the traverse. A camera located outside of the tunnel, positi

0.5 m away from the probe in the spanwise direction is used to

capture any movement of the probe after the tunnel is swdtche
on. Such movements would include any deflection of the cylin-
drical sting due to aerodynamic loading and also any deflecti
of the wall of the tunnel due to the tunnel being at positivespr
sure when in operation. High-resolution images of the hio&w
probe are taken before and after the tunnel is switched a@h, an
any movements are approximated using cross-correlatitiveof
images. We estimate (based on the resolution of the imagks an
repeatability) that an accuracy of o can be obtained with
this technique. The accuracy of the system can be verified by
comparing the measured smooth wall mean velocity profile to
that obtained from direct numerical simulation (DNS).

Results

For this section, the boundary layer over the meandering and
straight riblets are compared with the smooth wall casevn se
eral aspects including mean velocity profile, turbulenderin

sity and premultiplied energy spectrum.

Mean Velocity and Turbulence Intensity

To investigate the presence of drag reduction, we attemitt to
both the smooth and riblet mean velocity profiles to a canoni-
cal turbulent boundary layer profile. For the riblet casedimo
fied Clauser technique [3] is used, assuming a universaiegrad

in the logarithmic region with a modified or adjusted intgitce
AU (see equation 2). Note that tiehere refers to the inter-
cept of the smooth wall log law and should not be confused with
the amplitude of the meandering riblets defined previously.

U*(z):%ln(2+)+AfAU+ )
An upward shift in the mean velocity profile (a negatiMé* or
negative roughness function) indicates a drag reducticere H
Ut =U /Uy andZ" = 2U; /v whereZ'is the wall-normal dis-
tance from the virtual originA= z— zy, wherezis the measured
wall-normal distance from the trough of the riblet geometing

Zp is an unknown roughness offset). The universal logarithmic
constants used here ate= 0.41 andA = 5.0.

The measured smooth wall profiles at all three Reynolds num-
bers are first fitted to the logarithmic region equation to ob-
tain an estimate for the friction velocity, (the Clauser tech-
nique [3]). Choi [2] suggests that the mean velocity profitero
straight riblets obeys the universal logarithmic form, vehé
was reported that the Clauser plot yieldsAU ™ (upward shift)
indicating drag reduction. This assumption was appliec.her
The data are fitted to the modified Clauser equation given in
equation (2). This equation alone is difficult to fit to, sithere

are three unknownsJg, zop andAU ™). There are multiple com-
binations of these three variables that give a good fit of tta d

to equation (2), and a unique solution is not obvious. Theorel

ity defect plot for the outer regiorz{ > 100) is also analysed,

z
=f(=
(5)
Outer layer similarity would suggest that when scaled i thi
manner, the smooth and rough (riblet) data should collapse.
Equation (3) offers a further check of the possible com|ixamat

of Ur ande suggested from equation (2), and regression fitting
will yield the most likely candidate combination.

U 7Uoo
Ur

©)

Ultimately, the above methodology of fitting to determide
for the riblet surfaces has not yielded conclusive and rejbéa
results, with any measured changelpfwithin the margin of
experimental error. For the meandering riblets, we obstrae
the assumption of outer layer similarity (and hence the dise o



0.12

——smooth10

o - — -meanderl0 ||
L /5 N I straight10
0.08f -
g : -
2 ;
006 i
: \
/
0.04} : ‘1
0.02} ‘
L
0 = °
10 10 10
0.12 ‘
(b) ——smoothl5
o - - -meander15 ||
. straight15
0.08f
8
Q \
= 0.06 %
\
0.04} ‘;\
;
0.02} W‘k&
. ‘ .
o 1072 10°
0.12 ‘ ‘
(C) ——smooth20
o - - -meander20 ||
FE R B straight20
0.08 71//’\ N
3 ]
~ /
< 0.06 /
[
0.04¢ e/
/
0.02}
0 .
10 10” 10
z/d

Figure 2: Freestream normalised RMS turbulence intessitie
U /U. for smooth wall, meandering and straight riblet surfaces
at (a)Reg = 1400, (b)Re = 2000 and (cRe = 2800.

the velocity defect plot) is not entirely justified, with serdif-
ferences observed in the wake profile for the meandering case
Without this assumption, it is impossible to accuratelyedet
mine U with the current experimental set-up. A drag balance
will ultimately need to be implemented in future studies v o
tain a direct measurement 0f. To the best we can determine
with the above methodology, we note that meandering riblets
appear to behave as a marginally transionally rough surface

a possible - 2% drag increase compared to the smooth wall.
Straight riblets tend to yield a slight drag reduction (asildo

be expected from the wealth of literature on these surfaces)

In the absence of accurate and reliable estimaték ohe tur-
bulence statistics normalised by the freestream velaityand
the boundary layer thicknegss presented here for comparison
between flow over smooth surface and the straight and meander
ing riblet cases. Figure 2 shows the root-mean-squared-turb
lence intensity of streamwise velocity fluctuation§ for the 3
different Reynolds numberfg = 1400, 2000 and 2800 corre-
sponding to freestream velocity, = 10,15 and 20 ms?). Itis
clear from figure 2 that the riblets attenuate the near-wedkp
of the turbulence intensity profile, and the effect is moig si
nificant for the meandering riblets as compared to the ditaig
riblets as the Reynolds number (and hehteof the riblets) in-

creases. ARe = 2800 the near-wall peak intensity for the me-
andering riblets is attenuated to such an extent that thie ipea
absent altogether. In making this observation howeves, ik
portant to remember that the meandering riblets are oftijigh
larger riblet heighht and spacing' than the straight riblets.

Further from the surface, the intensity over meanderinigtsb
starts to exceed that of smooth wall Id > 0.02 orz" > 55,
with a peak excess energy occurringzad ~ 0.2 and finally
converging with the smooth wall profile at the edge of boupdar
layer. This may suggest that some of the energy from nedr-wal
region (belowz/d = 0.02) has been shifted to outer region by
the meandering riblet. This effect is also observable (&saédr
extent) atRe = 2000. This change in shape of the turbulence
intensity profiles further verifies our earlier observatibat the
meandering riblets alter the boundary layer profiles suel th
the assumption of outer-layer similarity is no longer Segts

Premultiplied Energy Spectrum

Figure 3 presents the pre-multiplied energy spedtta@,y
(whereky is the streamwise wavenumber apg is the energy
spectrum of the streamwise velocity fluctuations) as famotif
streamwise waveleng#y (= 211/ky) and distance from the wall
z The spectra maps are scaled with freestream velbogitand
the boundary layer thicknessfor comparison to the smooth
wall. In figure 3 the pre-multiplied energy spectrum throoigh
the boundary layer for Reynolds Numbee = 2000 (top plots
a, b, ¢) and 2800 (bottom plotd, e, f) are presented. The re-
sults forRe = 1400 are not presented here since there is very
little observable difference between the smooth and tHetrib
cases (the small viscous-scaled riblet height at this Regno
Number is insufficient to significantly perturb the energp-pr
file). Figure 3 &) and @) show the smooth wall spectra, while
(b) and €) and plots €) and (f) show the meandering and
straight riblet spectra respectively.

In Figure 3 p) and @), the horizontal lines plotted on top of the
spectra contours represent the scale of the normalizeahstre
wise sinusoidal wavelengif /5 of the meandering riblet pat-
tern. We can clearly see that close to the walld(< 0.02)

at both Reynolds numbers the meandering riblets have signif
icantly reduced the magnitude of the energy contributed by
structures of scalex > Ax when compared to the smooth
wall. Equally significant, for the highest Reynolds number
Re = 2800, the large-scale energy at the outer peak, centered
aroundz/d = 0.07 andAx/d = 6, is greater in magnitude over
the meandering riblets as compared to both the smooth wall an
the straight riblets. This outer peak is typically ass@dawith

the very large scale motions or ‘superstructures’ [5], amel t
implication here seems to be that the meandering riblet geom
try is somehow interacting with these very large-scale oerite
motions in a manner that increases the overall turbulenggne

at this scale. The straight riblets exhibit no discernabignge

in energy at this outer peak location. This finding is consis-
tent with the turbulent intensity results of figure 2, and-con
firms that the increased broadband intensityZ@ > 0.02 is

due to increased energy in the very long wavelengths. In gen-
eral we observe that at higher Reynolds Numlitg & 2800)

the noted effects of the meandering riblets are more proregiin

on the energy spectra. At this Reynolds number, the height an
spacing of the meandering riblets are larger in wall unitg}-s
gesting that a plausible passive periodic forcing is impase

the boundary layer due to the meandering waves of the riblet
pattern. In the near-wall region, the fact that the meanderi
riblets attenuate energy contributions from scales grehsn

Ny could be interpreted as the result of a spatial periodic-forc
ing and assumed to be a direct consequence of the meandering
wavelength. However, an equally plausible suggestion @voul
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Figure 3: Premultiplied energy speclkmu/Uo% contours for (a,d) smooth wall (b,e) meandering and (crBight riblets at two
Reynolds Number as indicated, plotted as a function of waiimal positionz/d and energetic streamwise length soglgd.

be that the meandering riblets have substantially redulced t
energy from the near-wall cycle, which has been shown to have
a dominant wavelengti\{ = 1000)[5] which is very close to
the meandering wavelengthy) of the surface used here. Fur-
ther tests with vastly different meandering wavelengthslato
potentially resolve this question.

Conclusions

The meandering riblets significantly perturb the turbuéenc
intensity and premultiplied energy spectrum profiles athhig
Reynolds NumbeRe = 2800, where the riblet grooves are the
largest in viscous wall units. The near-wall peak of the turb
lence intensity profile is found to be heavily attenuated)ewmn
increase in the intensity is found in the outer region. Thuit

is further investigated through the premultiplied energgcs
tra. The near-wall energy contribution from structuresazfiss
greater than the meandering riblet wavelength have beaif-sig
icantly reduced. This could be a result of forcing at theescdl
the meandering wavelength, or could equally well be indieat
of a more general disruption of the near-wall cycle. More in-
triguingly, the outer energetic peak is significantly sgerened
for the meandering riblets, particularly for the highesyfRads
number. This peak is typically associated with the verydatg
scale motions (or superstructures), and implies that thenme
dering pattern, despite the very small roughness heigttjibs
the boundary layer profile in such a way that it strengthens co
herent motions that exist in the log and wake regions.
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