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ABSTRACT

This study introduces a methodology to detect quasi-
two-dimensional spanwise structures over riblets, known as
Kelvin-Helmholtz (K-H) rollers, using conventional hot-wire
anemometry. The methodology is founded on the characteris-
tic features of K—H rollers, known for their short wavelength in
the streamwise direction and elongated large wavelength in the
spanwise direction. Previous numerical investigations have in-
dicated that although these structures originate near the crests
of riblets, their fluctuation effects can be detected within the
valleys of the riblets. Based on this knowledge, two normal
single hot-wires were deployed initially within the valleys of
adjacent saw-tooth riblets and subsequently with a spanwise
separation of five riblets. One of the wires was traversed in
the wall-normal direction while the other remained stationary
within a riblet valley to assess the extent of the rollers in this
direction. A cross-correlation analysis is conducted on the sig-
nals acquired from the two wires in the spectral space. The
analysis reveals a strong correlation between the two hot-wire
signals placed one riblet apart along the span positioned be-
low the riblet crest. The detected correlation is at a frequency
higher than that associated with the characteristic near-wall cy-
cle. This high-frequency correlation is hypothesised to be the
spectral signature of the K—H rollers in the streamwise veloc-
ity fluctuations. These high-frequency signatures are also ob-
served below the roughness crest when the wires are placed
five riblets apart. These outcomes, which are consistent with
the previous findings in the literature, demonstrate the efficacy
of the methodology developed for detecting K—H rollers.
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INTRODUCTION

Riblets are flow aligned microgrooves that are well known
for their drag reduction capabilities. The efficacy of riblets,
measured by the reduction in drag compared to a smooth wall,
depends on their viscous scaled size, assessed through the
square root of the groove area, denoted as [, = \/ng (Garcia-
Mayoral & Jimenez, 2011b, 2012). Previous research has
shown that drag reduction approaches a maximum value of ap-
proximately 10% when l;r ~ 10 (Garcia-Mayoral & Jimenez,
2011b). Here, superscript ‘4’ signifies normalisation by the
friction velocity U; and the kinematic viscosity v. However, as
l;r continues to increase, riblets lose their drag-reducing ability
and instead result in an increase in drag for l; 2 18 (Garcia-
Mayoral & Jimenez, 2011b, 2012). One widely discussed hy-
pothesis attributes the drag increase over riblets to the forma-
tion of elongated quasi-two-dimensional spanwise structures,
known as Kelvin-Helmholtz (K-H) like rollers, near the riblet
crest (Garcia-Mayoral & Jimenez, 2011b). More recent stud-
ies have also linked K—H rollers to the breakdown of Reynolds
analogy, where the enhancement in heat transfer surpasses the
rise in frictional drag over blade riblets (Kuwata, 2022) and
sawtooth riblets (Rouhi et al., 2022). Simulation-based in-
vestigations have suggested the presence of K—H rollers by
analysing the fluctuating wall-normal velocity signatures in the
buffer layer, just above the plane of the riblet tips. These K—
H rollers exhibit a quasi-periodic streamwise spacing. How-
ever, the exact mechanisms by which these features contribute
to increased drag remain unclear, with some riblet geometries
exhibiting very weak K—H contributions even within the drag
increasing regime (Endrikat et al., 2021).

To the best of the author’s knowledge, previous investi-
gations that characterized the K—H rollers over riblets have
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Figure 1. Schematic showing the wind tunnel facility including the working section and traverse located at the measurement location.

primarily relied on simulations (Garcia-Mayoral & Jiménez,
2011a; Endrikat et al., 2021; Kuwata, 2022; Rouhi et al.,
2022). These simulations have suggested that detecting K-
H rollers could involve analysing two-dimensional spectra or
co-spectra of Reynolds shear stress in the vicinity or within
the valleys of the riblets. However, experimental verification
of these findings is challenging due to the small size of the
riblets and limitations in measurement techniques. For in-
stance, capturing two-dimensional spectra near riblet crests
requires techniques such as particle image velocimetry in the
streamwise/wall-normal plane, multi-component laser doppler
velocimetry, or multi-wire hot-wire anemometry, all of which
are prone to spatial resolution issues and other systematic er-
rors when applied near textured geometries. These challenges
could potentially be overcome if K—H rollers could be detected
solely through their streamwise velocity signatures, which can
be conveniently obtained using a suitably miniaturised single
normal hot-wire sensor.

This study experimentally examines the presence of K—
H rollers over sawtooth riblets through a novel methodology
based on streamwise velocity. The riblets studied here fea-
ture a 30° tip angle and peak-to-peak spanwise spacing of
s =2 mm. The experiments are conducted at a wind tunnel fa-
cility operated at a freestream velocity Us. = 5 ms2 resulting
in a viscous scaled groove area of approximately l; ~26. This
particular riblet size was chosen based on the detection of K-H
rollers in simulations conducted by Endrikat ez al. (2021) over
riblets of comparable shape and viscous scaled dimensions.

EXPERIMENTAL SETUP

Experiments are performed in an open return wind-
tunnel facility with working section dimensions of
LxHxW =6700x380x940 mm? in the streamwise
x—, wall-normal z— and spanwise y—directions, as shown in
the schematic in Figure 1. Here x is the streamwise distance
from a turbulence trip at the inlet to the working section.
Full details about this facility are available in AbuRowin
et al. (In-press). A 5.7 x 0.7m? area (x x z) of the tunnel
floor is covered with a 30° sawtooth riblet surface. The
riblet peak-to-peak spanwise distance is s =2 mm and height
h, = 3.3 mm. The tunnel is operated at a constant freestream

velocity of Us, = 5 ms™!. The reason for selecting this velocity
is to ensure viscous scaled riblet spacing sT = sU; /v = 26.7,
which is comparable to the size of sawtooth riblets simulated
by Endrikat et al. (2021), which demonstrated preservation of
the K-H rollers. Throughout this work the uppercase velocity
U denotes time-averaged velocity, while lowercase u denotes
velocity fluctuations.

METHODOLOGY

The experimental technique developed in this study is
based on the distinctive characteristics of K—H rollers, which
are known for their short wavelength in the streamwise direc-
tion and elongated large wavelength in the spanwise direction.
Based on this understanding, we utilised two hot-wire probes
positioned within the valleys of spanwise adjacent riblets and
traversing in the wall-normal direction, to detect spanwise cor-
relations at the relative low streamwise wavelengths associ-
ated with the K—H rollers. Given the small size of the riblets,
with a peak spacing of s = 2 mm, we modified two Dantec
boundary layer type probes (55P15) to enable the sensor to de-
scend the mid-height of the riblets. The modified probes fea-
tured a prong-to-prong spacing of 1.0 mm. For sensor prepa-
ration, a Wollaston wire with a Pt-core diameter of 2.5 um
was utilised, with an exposed wire length of approximately
0.5 mm enabled through etching using nitric acid. The length
of the stubs on either side of the Pt sensor was maintained
at approximately 0.1 mm to prevent conduction losses from
the prongs. The probes were operated in constant temperature
mode using a custom-designed Melbourne University constant
temperature anemometer (MUCTA), with an overheat ratio of
1.8. Probe calibration was conducted in the freestream of the
wind tunnel both before and after each velocity profile mea-
surement. All measurements were taken at a streamwise loca-
tion of x = 3.8 m, as indicated by @ in Figure 1.

To validate the shortened sensor, measurements were ini-
tially conducted over a smooth wall at U, = 5 ms™'. The vis-
cous scaled mean streamwise velocity (U™ = U /Uz) over the
smooth wall is shown in Figure 2. The law-of-the-wall (U™ =
zt) and the log-law (UT =k logz™ + A, with k¥ =0.384
and A =4.17) are included for comparison. Additionally, the
mean velocity profile from simulations over a smooth wall of
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Figure 2. Mean viscous scaled streamwise velocity U™ as
function of the viscous scaled wall-normal distance z*. The
short vertical red line indicates height of the riblet crest.

Schiatter & Orlii (2010) at Re;~670 is provided for reference.
The friction velocity Ur = 0.177 is estimated for the experi-
mental data using a Clauser fit. The overlap observed between
the velocity profile measured by the modified probe, within
a limited wall-normal height, with the log-law, as well as the
profile from the simulation, confirms the validity of the modi-
fied probe.

After validating the modified probe, measurements were
conducted over the riblet wall at U, =5 ms™!. The origin
z =0 was set at the mid-height of the riblet (h,/2). Care-
ful traversing of the modified wire was performed within the
valley (as shown in Figure 3), approaching a lowest point of
z=>500 um above the riblet mid-height, measured with a cam-
era microscope. The friction velocity over the riblets at the
current U, was determined to be U; = 0.200 m/s using the
Clauser method. It should be noted that selecting the virtual
origin at the riblet mid-height may have an effect on the esti-
mated Uy, but any associated uncertainty should not affect the
developed technique for detecting K-H rollers. At this Uy, the
viscous scaled riblet size is s* = 26.7 and I =25.7. Figure 2
illustrates that U™ over the riblets is lower than that over the
smooth wall, suggesting that the current riblet size falls within
the drag-increasing regime, thereby indicating the possibility
of K-H roller existence, as previously demonstrated by En-
drikat et al. (2021).

Having confirmed that the riblets at the current viscous
scale are operating in the drag increasing regime, we placed
two normal wires within the valleys of the riblets at the same
streamwise (x) location and finite spanwise separation, refer-
eed to as Ay. The rational of deploying the wires within the
valleys, instead of placing them above the crest of the riblets,
is based on the investigation of Sharma & Garcia-Mayoral
(2020), where they reported that the influence of K-H rollers
is easily observed deep into the valleys, despite their origin
at the crest of the riblets. We also expect relatively less tur-
bulence activity in the riblet valleys, compared to that above
the riblet tips, thereby facilitating detection of the rollers in
the spectral domain. To understand the wall-normal extent of
these structures, we kept one of the wires stationary within
the valley of the riblets, while the other is traversed across the
wall-normal direction. Initially, since these structures are be-

Figure 3. Pictures of the two wires deployed within the val-
leys of the riblets when the spanwise spacing between the
wires is (a) Ay/s = 1 and (b) Ay/s = 3.

lieved to extend at least one riblet spacing due to the inher-
ent nature of the rollers (Garcia-Mayoral & Jiménez, 2011a;
Garcia-Mayoral & Jimenez, 2012), we placed the two wires
within adjacent riblets with Ay = s =2 mm (i.e. Ay/s =1) as
shown in Figure 3(a). At this spanwise separation, various tur-
bulent structures are expected to be detected by the two wires
including the K-H rollers. For this reason, we extended the
spanwise distance between the two wires gradually, as shown
in Figure 3(b), at intervals of s, until we reached Ay/s =5
(i.e. AyT = 135). At this spanwise separation, only the large
structures (Deshpande et al., 2021) and the K-H rollers are
expected to be detected by the two wires.

We apply the well-established strategy of reconstructing
the two-point correlations in the spectral domain (Del Alamo
et al., 2004; Bailey et al., 2008; Baars et al., 2017; Deshpande
et al., 2021) of the signals acquired by the two wires. The
cospectra ¢ of streamwise velocity fluctuations is computed
as

¢uu,(Z,Zr,Ay§T) :ﬁ(z,y,T)lZ*(zr,yr;T)7 (1)

where i(z,y,T) indicates the Fourier transform of u(z,Ay) in
T time. The asterisk ‘x’ denotes the complex conjugate and
the superscript ‘7’ indicates the reference signal acquired by
the stationary wire within the valley of the riblet.

CO-SPECTRA OF STREAMWISE VELOCITY
Figure 4(a) depicts the normalised cospectra of stream-
wise velocity fluctuations kj ,jur as a function of the viscous-
scaled time scale T+ = U,z/fv of a fixed signal (u,) situated
at the riblet mid-height, alongside another wall-normal travers-
ing signal when the two wires are positioned in adjacent riblets
with Ay/s = 1. Here, f represents frequency. A discernible
positive correlation is evident between the two signals below
the riblet crest, observed within the range of 20 < 7+ < 100
and peaking at 7™ = 50, as indicated by the black rectangle in
Figure 4(a). It is expected to observe this positive correlation
extending slightly above the riblet crests before rapidly dimin-
ishing, considering that K-H rollers are known to form above
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Figure 4. Normalised cospectra at U, = 5 ms™! when (a) Ay/s = 1 and (b) Ay/s = 5. The horizontal dashed black lines are at the

riblet crest and the black rectangles are highlighting the positive correlation below the roughness crest.

the riblet peaks (Garcia-Mayoral & Jimenez, 2012). The neg-
ative and positive correlations noted above the riblet crests in
Figure 4(a), at T™ < 100 and TT > 100 respectively, are in-
dicative of the hierarchy of turbulent scales over the riblet crest
(Deshpande et al., 2021).

To ascertain the efficacy of the developed method for
identifying K-—H rollers at larger spanwise separations be-
tween the wires, we plot in Figure 4(b) the kxq),ju'_ when
Ay/s =5 (i.e., Ay"T &~ 135). We only concentrate on Ay/s = 5
for brevity, as it exemplifies the extreme case of the gathered
data. A positive correlation emerges at T+ ~ 1000, which can
be expected given its association with large-scale structures
(Baars et al., 2017; Deshpande et al., 2021). Interestingly, a
positive correlation is also detected below the riblet crest at
T+ ~ 50 in Figure 4(b), akin to the frequency observed when
Ay/s = 1 in Figure 4(a), presumably corresponding to the fre-
quency of the K-—H rollers. This observation confirms the ex-
perimental feasibility of the developed method in detecting the
K-H rollers solely from the streamwise velocity signal.

CONCLUSION

The experimental investigation presented in this study
aims to introduce a novel technique for detecting Kelvin-
Helmholtz (K-H) like rollers over riblets. Leveraging the
characteristic features of these rollers, which exhibit a short
wavelength in the streamwise direction and an elongated large
wavelength in the spanwise direction, the method seeks to
identify their presence within the valleys of riblets. Previous
numerical simulations have suggested that while these struc-
tures originate near the crests of riblets, their signature can
extend into the valleys. To explore this phenomenon, two nor-
mal single hot-wires were positioned within the valleys of ad-
jacent saw-tooth riblets, with one wire traversing in the wall-
normal direction while the other remained stationary. A cross-
correlation analysis between the signals acquired from these
wires was then employed to assess the presence of K—H rollers.

The results of the experimental investigation provided
compelling evidence of the efficacy of the developed method
in detecting K-H rollers. A strong correlation between the
signals from the two wires at low streamwise wavelengths was
observed below the riblet crest when placed one riblet apart in
the spanwise direction. Ordinarily, in the smooth wall turbu-

lent boundary layer, correlations at this streamwise wavelength
(corresponding to T+ = 50) would not be expected to persist
over extended spanwise distances. The fact that this correla-
tion persisted for the riblets even when the wires were posi-
tioned five riblets apart, provides strong evidence that we are
detecting the K-H rollers. Notably, no correlation with other
turbulence scales was found at this spanwise distance except
the expected large scales, further underscoring the specificity
of the developed technique for detecting K—H rollers.
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