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The formation of Kelvin—Helmholtz-like rollers (referred to as K—H rollers) over riblet
surfaces has been linked to the drag-increasing behaviour seen in certain riblet geometries,
such as sawtooth and blade riblets, when the riblet size reaches sufficiently large viscous
scales (Endrikat et al. (2021a), J. Fluid Mech. 913, A37). In this study, we focus on
the sawtooth geometry of fixed physical size, and experimentally examine the response
of these K—H rollers to further increases in viscous scaled riblet sizes, by adopting the
conventional approach of increasing freestream speeds (and consequently, the friction
Reynolds number). Rather than continual strengthening, the present study shows a gradual
weakening of these K—H rollers with increasing sawtooth riblet size. This is achieved by an
analysis of the roller geometric characteristics using both direct numerical simulations and
hot-wire anemometry databases at matched viscous scaled riblet spacings, with the former
used to develop a novel methodology for detecting these rollers via streamwise velocity
signatures (e.g. as acquired by hot wires). Spectral analysis of the streamwise velocity time
series, acquired within riblet grooves, reveals that the frequencies (and the streamwise
wavelengths) of the K—H rollers increase with increasing riblet size. Cross-correlation
spectra, estimated from unique two-point hot-wire measurements in the cross-plane,
show a weakening of the K—H rollers and a reduction in their wall-normal coherence
with increasing riblet size. Besides contributing to our understanding of the riblet drag-
increasing mechanisms, the present findings also have implications for the heat transfer
enhancing capabilities of sawtooth riblets, which have been associated previously with the
formation of K—H rollers. The present study also suggests conducting future investigations
by decoupling the effects of viscous scaled riblet spacing and friction Reynolds numbers,
to characterise their influence on the K—H rollers independently.
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1. Introduction

The Kelvin—-Helmholtz (K-H) instability can be noted in various free-shear flow
phenomena of engineering importance, such as in the wake of a moving vehicle, in a
turbulent jet, or in the upper layers of the atmospheric boundary layer. This instability
arises from the interaction between adjacent layers of fluid(s) having a mismatch in their
velocities (and densities), resulting in the formation of wave-like structures. As these
instabilities develop, they can give rise to large tube-shaped formations known as K-H
rollers (Drazin & Reid 2004). In the domain of wall-bounded flows, notably, similar K-H-
like structures (hereafter, K—H rollers) can occur on surfaces exhibiting high wall-normal
permeability, such as permeable substrates, porous walls, vegetation or rough surfaces
with grooves (Finnigan 2000; Jimenez et al. 2001; Breugem, Boersma & Uittenbogaard
2006; Garcia-Mayoral & Jiménez 2011a; Nepf 2012). Since these surfaces can favourably
manipulate the drag and heat transfer characteristics of the overlying boundary layer,
there is significant interest in understanding whether (and how) the K—H rollers influence
these characteristics (Endrikat et al. 2021a; Rouhi ef al. 2022). In the present study, we
aim to evaluate the geometric extent of the K—H rollers formed over streamwise-aligned
microgrooves (commonly referred to as ‘riblets’), which are well known for reducing
the turbulent skin-friction drag (Walsh & Lindemann 1984; Garcia-Mayoral & Jiménez
2011a). The effectiveness of these riblets, which is typically quantified by the percentage
reduction in drag compared to smooth wall conditions, has been found to be dependent
on the viscous scaled riblet size as well as shape (Walsh & Weinstein 1978; Walsh &
Lindemann 1984; Lee & Lee 2001; Jimenez et al. 2001). In terms of size, riblet drag
reduction is defined based on either their spanwise tip spacing s (Jiménez 2004), or the
square root of the cross-sectional area of these grooves, [, = \/A>g (Garcia-Mayoral &
Jiménez 2011a,b).

Previous studies have demonstrated that drag reduction initially enhances with
increasing values of st or [, reaching a maximum of approximately 10 % at [ ~ 10,
for a friction Reynolds number of Re; ~ 180 (Garcia-Mayoral & Jiménez 2011a,b). Here,
the superscript ‘4’ indicates normalisation by the friction velocity U; and the kinematic
viscosity v of the fluid, e.g. s* =sU;/v or I =1,U;/v. However, as I continues to
increase, the riblets lose their capability to reduce drag, and instead exhibit an increase in
drag (Walsh & Lindemann 1984; Bechert et al. 1997; Von Deyn et al. 2022). Several
past studies have investigated the mechanisms responsible for this breakdown in their
drag reduction capability (Choi, Moin & Kim 1993; Park & Wallace 1994; Suzuki &
Kasagi 1994; Goldstein & Tuan 1998; Garcia-Mayoral & Jiménez 2011a; Ran, Zare &
Jovanovi¢ 2021; Chavarin & Luhar 2022), since unravelling its source could eventually
assist with improving riblet performance. One hypothesis in the literature associates
the decline in drag reduction with the emergence of elongated quasi-two-dimensional
spanwise structures, namely K—H rollers, in the vicinity of the riblets (Garcia-Mayoral &
Jiménez 2011a,b). More recently, K-H rollers have also been linked to the favourable
breakdown of the Reynolds analogy, wherein the enhancement in heat transfer exceeds
the increase in frictional drag over blade riblets, characterised by thin ribs with parallel
sides oriented in the streamwise direction (Kuwata 2022), as well as over narrow-angle
triangular riblets (henceforth referred to as sawtooth riblets; Rouhi et al. 2022). These
simulation-based investigations have revealed that K—H rollers are concentrated in the
buffer layer just above the plane formed by the riblet tips, and coexist at nominal periodic
streamwise spacing A} ~ 150.

However, the exact flow physics behind how the K-H rollers increase drag is still
unknown, fuelling speculation regarding their role in the breakdown of drag reduction. For
instance, the skin-friction drag increases with increasing riblet size for all riblet shapes
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whenever [ > 10, whereas the presence of K—H rollers has not been observed across
all possible shapes. This was discovered recently via an extensive suite of numerical
simulations by Endrikat et al. (2021a), who found that the K—H instability manifested only
for blade riblets and 30° sawtooth riblets at low /)7 (10 < l; < 40), which is consistent with
the riblet geometries considered in past K—H focused studies (Garcia-Mayoral & Jiménez,
2011b; Kuwata 2022; Rouhi et al. 2022). However, other riblet geometries such as wide-
angle sawtooth riblets, asymmetric triangular riblets or trapezoidal riblets did not exhibit
any indications of the instability at any investigated [;". These findings suggest that the
relationship between the drag-increasing nature of riblets and the onset of K-H rollers
is not universally applicable to all riblet geometries. Confirming the existence of a direct
correlation between these two is important, since it would also have ramifications for the
recently hypothesised association between the K—H rollers andthe favourable breakdown
of the Reynolds analogy (Kuwata 2022; Rouhi et al. 2022).

Past simulations, predominantly conducted within a minimal channel configuration
(Garcia-Mayoral & Jiménez 2011a; Endrikat et al. 2021a, 2022; Kuwata 2022; Rouhi
et al. 2022), have focused primarily on low values of l;,'r (<40). These l;,'r values are
inadequate to conclusively establish the existence and accurate spatial extent of K—H
rollers across most of the drag-increasing regime. While performing comprehensive
numerical simulations over a wide range of l; would be computationally demanding,
achieving the same through experimental means is possible, constituting the central
objective of the current study.

This study presents a novel experimental approach to evaluate the existence and size
of the K-H rollers for varying lg+ of sawtooth riblets (with 30° tip angle). A novel
methodology is proposed to detect K—H rollers based on their streamwise velocity
signatures, thereby permitting detection of these structures via conventional hot-wire
anemometry. This methodology is based on the well-established strategy of reconstructing
the two-point correlations in the spectral domain (Del Alamo et al. 2004; Bailey et al.
2008; Baars, Hutchins & Marusic 2017; Deshpande et al. 2021), which would associate
these K—H rollers with their characteristic length/time scales. The efficacy of this
methodology is established here by first testing using a high-fidelity direct numerical
simulations (DNS) database of a turbulent channel flow over riblets, which is shown
to have K-H rollers overlying the riblet surface. The present paper is structured as
follows. Section 2 introduces the numerical simulation and premise behind the novel K-H
detection methodology, § 3 presents the experimental facility and measurement techniques
employed, and §4 discusses the spectral analysis to experimentally detect K—H rollers,
with validation using the DNS results. Finally, the influence of varying s on the strength
and size of K—H rollers is discussed in § 5, while an instability analysis is presented in
§ 6 to comment on the variation in riblet porosity with increasing s*. Throughout this
paper, the symbols u, v and w represent the instantaneous velocity (lowercase), while U,
V and W denote the mean velocities (uppercase) in the streamwise (x), spanwise (y) and
wall-normal (z) directions, respectively.

2. Numerical dataset and methodology

This section outlines the set-up of DNS for a fully-developed turbulent channel flow.
Simulations encompass both smooth and riblet surfaces, with a comparative analysis
presented in § 2.2. For the riblet surface, two simulations are performed with the same
riblet tip geometry and spacing, but different valley/groove shapes, to accommodate the
limitations in fabrication of riblet surfaces (as will be discussed in § 3.2). Sections 2.3
and 2.4 focus on evaluating the presence of K—H rollers over these riblets, using
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time/space-averaged and instantaneous flow statistics, respectively. It should be noted
that the simulations were performed in turbulent channel flow, whereas the experiments
were conducted in a turbulent boundary layer facility. This decision was based on the
assumption that riblet performance is comparable across different flow configurations
when viscous scaled dimensions are matched, as shown in previous studies (Garcia-
Mayoral & Jiménez 2011a,b). The use of the boundary layer facility was driven by
the available capabilities at the time, allowing for the fabrication and testing of riblets
of adequate size. Nonetheless, the results for drag-increasing riblets, as discussed later,
suggest that factors such as the Reynolds number or flow configuration may also influence
riblet performance.

2.1. Simulation set-up

A fully-developed turbulent wall flow is simulated in a closed channel configuration using
the High Performance Solver for Turbulence and Aeroacoutics Research (HiPSTAR),
which is a well-established fourth-order-accurate compressible fluid dynamics code
(Sandberg 2015). Here, we consider a flow Mach number Ma =0.2 to simulate an
incompressible turbulent flow over a smooth wall, as well as over riblet surfaces. All these
simulations are performed at a matched friction Reynolds number Re; = hU; /v =~ 590,
where h represents the half-height of the channel along its wall-normal direction, z. The
flow is driven by a constant streamwise pressure gradient, which is kept fixed for all
the riblet cases. The computational domain, as illustrated in figure 1(a), encompasses
dimensions Ly = 27 h in the streamwise direction and L, = mh in the spanwise direction.
These domain proportions are chosen to effectively capture and resolve the majority
of the flow dynamics, aligning with the approach elucidated by Garcia-Mayoral &
Jiménez (2012) concerning suitable simulation domain sizes for riblet studies. A no-slip
boundary condition is enforced on the top and bottom walls, while periodic boundaries are
implemented at the streamwise and spanwise extremes of the domain.

For the riblet cases, a sawtooth geometry with a 30° tip angle and spanwise tip spacing
sT~ 43 is considered with riblet height 2] =80 (refer to the dash-dotted red line in
figure 1b), on both the top and bottom walls of the channel (figure 1b). This geometry is
resolved numerically using the second-order-accurate boundary data immersion method
described by Schlanderer et al. (2017). In the simulation of riblets, the numbers of mesh
grid points in each direction are Ny x Ny x N, =384 x 1290 x 793, where z is the wall-
normal direction. This configuration yields approximately 31 grid points per riblet period
(st =43) based on the spanwise grid spacing Ayt = 1.4, which is detailed in table 1.
These numbers of grid points per riblet period are sufficient for resolving the K—H rollers,
as shown previously by the mesh convergence analysis of Endrikat et al. (2021b), amongst
others. Apart from consideration of the conventional riblet geometry with sharp valleys
(Garcia-Mayoral & Jiménez 2011a; Endrikat ef al. 2021a; Rouhi et al. 2022), simulations
are also conducted for a riblet geometry possessing rounded valleys (RR43), with riblet
height A" = 71 and base diameter b," = 6.2 (figure 1b). The latter is representative of the
practical limitations experienced while fabricating ‘sharp’-valley riblets, with the current
dimensions (b;") matching exactly with those tested experimentally (discussed in § 3.2).
Information regarding all simulations undertaken in this study is included in table 1.

2.2. Mean flow properties over the rounded-valley riblets

Figure 2 shows the mean streamwise velocity and Reynolds stress profiles over the
rounded-valley riblets (RR43) and compares them against statistics over the smooth wall.
Here, for purposes of brevity, we have not shown the profiles for the sharp-valley riblet case
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Figure 1. (a) DNS riblet channel domain showing the domain dimensions Ly, Ly, L. in streamwise, spanwise
and wall-normal directions, while the top and bottom walls are covered with sawtooth riblets. Here,L, is
measured from the base of the riblets. (b) Profile view of the rounded-valley riblet design (RR43) and the
sharp-valley riblet design (SR43, shown with the dash-dotted red line) showcasing riblet characteristics such as
tip spacing s, base width b,, and height &, or h,, where the subscript r or s denotes the height for the rounded-
or sharp-valley riblet design, respectively. The green shaded region in (b) corresponds to the cross-sectional
area of the groove (A, = 12) for RR43, while the orange shaded region corresponds to the spanwise averaging
region, simulating the effect of hot-wire spatial resolution on the K—H detection method discussed in § 4. The
dashed vertical line in (b) shows the spanwise centre of the riblet grooves. Throughout this paper, we consider
z =0 at the riblet half-height for the corresponding riblet shape (rounded or sharp valley).

stomt o Rh/he bF I AxT Ayt Azt LY LY Re, AU*

r X

Smooth - - - - - 9.0 45 03-6.4 3456 1728 580 -
RR43 43 7 83 62 413 97 14 03-64 3700 1853 590 4.1
SR43 43 80 73 - 415 97 14 03-6.4 3700 1853 590 41

Table 1. Geometry and simulation parameters for the fully-developed turbulent channel flow over a smooth
wall, rounded-valley riblets (RR43) and sharp-valley riblets (SR43). The parameters include tip spacing (s¥),
riblet height (h;"), ratio of the channel half-height to the riblet height (h/ h,), base diameter (br+ ), square root
of the groove cross-section (l;), grid spacings in streamwise (Ax™), spanwise (Ay™) and wall-normal (Az™)
directions, domain length (L) and width (L;'), the friction Reynolds number (Re; =h* = L} /2), and the
velocity roughness function (AU™). Quantities denoted by a superscript ‘+’ represent viscous scaling, i.e.
non-dimensionalised using U; and v.

(SR43), since they are quantitatively similar to those of the RR43 case. This similarity
is expected since the change in [/, between RR43 (l; =41.3) and SR43 (lé|r =41.5) is
negligible. Present findings are consistent with previous results reported by Walsh (1982,
1990) and Walsh & Lindemann (1984), who found riblet drag reduction performance to be
affected on changing the riblet peak geometry but not on changing the valley curvature.
The profiles presented in figure 2 are obtained via time- and ensemble-averaging only
along the spanwise centre of the riblet grooves (red dashed line in figure 1b). The present
study considers the origin at the riblet half-height (horizontal black dash-dotted line
in figure 1b), for analysis throughout the paper. This choice, however, does not have
any substantive impact on the primary outcomes and findings of this study, which are
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Figure 2. Viscous scaled profiles over smooth wall (black solid line) and spanwise centre of the riblet grooves
(blue dash-dotted line) for (@) mean streamwise velocity U™ and (b) Reynolds shear stress (u'w’)™, versus the
viscous scaled wall-normal height. The riblet crest location, z = A, /2 is shown with blue dots. The red dashed
lines in (a) and (b) are from the channel DNS of Moser et al. (1999) at Re; = 590. The arrow in (a) indicates
the downward shift of the riblet velocity profile compared to the smooth wall profile, which is quantified by the
velocity roughness function AU =4.1.

associated with the detection and characterisation of K—H rollers over drag-increasing
riblets. The effects of the choice of origin on drag reduction statistics are discussed in
detail and represented with error bars in § 3.4.

In figure 2(a), the mean streamwise velocity profile over the riblet exhibits a noticeable
downward shift compared to the present smooth wall profile as well as that from the
simulation of Moser, Kim & Mansour (1999), at Re; = 590. Conventionally, this shift
has been associated with an increased drag penalty relative to a smooth wall. Here, we
quantify this penalty via the roughness function AU, which measures the downward
shift within the logarithmic region in comparison to a smooth wall profile (Clauser 1954;
Hama 1954), which is approximately 4.1 for the current riblet case.

Figure 2(b) shows Reynolds shear stress (u’w’)™ profiles along the spanwise centre of
riblet grooves. The angle brackets () here denote parameters averaged in time. The effect
of the current drag-increasing riblets on the Reynolds shear stress observed in figure 2(b)
is consistent with findings of previous studies (e.g. Endrikat et al. 2021a). It is worth re-
stating here that the Reynolds shear stress and mean velocity profiles estimated over the
conventionally studied sharp-valley riblets (not presented here) are consistent with those
of the rounded-valley riblets, albeit within the range of uncertainty associated with the
estimation of the virtual origin. This supports our claim that the rounded valley of the
current riblet geometry has negligible effect on the mean momentum field.

2.3. Assessment of the presence of K—H rollers

In the current study, we are simulating 30° sawtooth riblets with rounded valleys, which
also have viscous scaled spacing (s A 43) relatively higher than the majority of past
investigations (based on sharp valleys). Hence before we can use this database to propose
a new K-H detection methodology, it is necessary to investigate whether the rounded-
valley shape adversely influences the presence of K—H rollers. In the literature, one of
the most common methodologies/metrics adopted to confirm the presence of K-H rollers
has been the analysis of the two-dimensional (2-D) spectra of u, w or the Reynolds
shear stress co-spectra. For instance, Garcia-Mayoral & Jiménez (2011a) analysed the
2-D energy co-spectra to show that these roller structures are concentrated in the buffer
layer, just above the plane of the riblet tips, and extend across the spanwise direction.
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Figure 3. Two-dimensional pre-multiplied spectral energy densities of (a) ', (b) v'> and (c) w'? for smooth
surfaces (black solid contour lines) and riblet surfaces (blue shading contours encapsulated in blue contour
lines). Contours for both walls are computed at z™ ~ 40, which corresponds to five viscous units above the
riblet crest. The horizontal dashed line is at 47 = s.

Their spectra indicated distinct streamwise spacing A} & 150 for the K-H rollers, with the
energy distributed across a wide spanwise wavelength range /l;L 2 300, consistent with the
existence of spanwise rollers. Similar structures were confirmed over 30° sawtooth riblets
with s = 30 by Endrikat et al. (2021a), based on the same metrics.

Inspired by these past investigations, we also compute the pre-multiplied 2-D spectral
energy densities (kxkqu;u,.) of all three velocity components, at a wall-normal position 5

wall units above the riblé:tl tips. Here, k, and k, are the wavenumbers in the streamwise
and spanwise directions. Figure 3 depicts these pre-multiplied 2-D spectra for the RR43
case, where the data from the reference smooth wall at the same wall-normal height
is also included for comparison as solid black contours. Here, the energy contours of
the u- and v-spectra (figure 3a,b) exhibit nominally similar characteristics for both the
riblet and smooth wall cases. However, the w’-spectra in figure 3(c) reveal a distinct
energy accumulation in a spectral region near A} ~ 280, which extends for spanwise
wavelengths across 100 < A7 < 1000. This indicates the presence of wide structures in
the spanwise direction, and relatively shorter structures in the streamwise direction, which
is a distinguishing characteristic of the K—H rollers. We consider this as confirmation
of the existence of K—H rollers over the present sawtooth riblets with rounded valleys
(Endrikat et al. 2021a). It is also worth noting that these K—H rollers exhibit slightly higher
streamwise wavelengths, /lﬁ ~ 280, compared to those observed for blade riblets and 30°
sawtooth riblets with smaller viscous scaled spacing st =15—30 (1] ~ 170; Endrikat
et al. 2021a). This suggests that the streamwise wavelength of the K—H rollers is likely
dependent on the riblet shape and/or viscous scaled size, which will be investigated further
in the present study. However, we noticed that the minor change of the valley between
RR43 and SR43 (not shown here) did not change the streamwise wavelength of the K—H
rollers.

In order to provide a clear visual representation of the presence of K-H rollers over
the present riblet geometry, we employ another methodology proposed by Endrikat et al.
(2021a), of plotting the instantaneous streamwise wall-shear stress on the riblet surface.
Previous works have adopted a similar methodology to highlight the extension of the
K-H rollers (e.g. within the grooves of riblets; Endrikat et al. 2021a), and to reveal
their influence on the near-wall region, despite their origin at the crest of the riblets.
Figure 4 shows the distribution of the instantaneous streamwise wall-shear stress on the
present RR43 riblet surface, revealing quasi-streamwise periodic negative wall-shear stress
events (i.e. reversed flow) existing simultaneously and coherently across multiple spanwise
adjacent grooves. These events are representative of the spanwise coherent structures
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Figure 4. Instantaneous streamwise wall-shear stress (ty,7n5) on the riblet surface, normalised by the average
wall-shear stress ({t,,)) on the entire surface. The vertical dashed lines indicate the streamwise distance between
two negative events of the streamwise wall-shear stress to be representative of the nominal streamwise distance
between subsequent K—H rollers.

(i.e. K-H-like instability) in the overlying flow, at average streamwise spacing
approximately 200-400 viscous units (4" &~ 200—400), thereby confirming the footprint
of the K—H rollers below the riblet crest. The spanwise extent of these structures, however,
appears to vary considerably, extending up to the spanwise size of the simulation domain
L, (= 1800 viscous units) in certain regions, while being limited to sizes of the order
of 100 viscous units in other regions. The ‘intermittent’ nature of the K—H rollers is
consistent with observations from previous simulations over riblets (Garcia-Mayoral &
Jiménez 2012), reaffirming the idea that these K—H rollers do not always extend across
an infinite span in an instantaneous sense. The focus of this study is to explore, through
experimental means, whether the spanwise extent or coherence of the K—H rollers changes
with variations in the riblet tip spacing (denoted as s™), corresponding to changes in
friction drag. It is motivated by the Reynolds shear stress co-spectra analysed by Endrikat
et al. (2021a) in their figure 8(h,i), in which the signature of the K—H rollers over 30°
sawtooth riblets was shown to broaden spectrally (i.e. no longer narrowband at one
fixed x wavelength), and also shift to a higher wavelength with increasing /. A similar
observation was also noted in the modelling effort by Chavarin & Luhar (2020), where the
streamwise wavelength of spanwise-constant structures (corresponding to the K—H rollers)
was found to increase with riblet size. This change in the signature of the K—H rollers will
be investigated here comprehensively, by conducting experiments across a significantly
extended range of /; (or s™) values.

2.4. Near-wall signature of K—H rollers in the instantaneous streamwise velocity

The preceding subsection establishes the presence of K—H rollers for the present DNS
of rounded-valley sawtooth riblets with 30° tip angles (RR43), using methodologies
adopted by past simulation studies. Employing the same methodologies for an
experimental investigation, however, is challenging owing to the difficulties associated
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with synchronously measuring multiple velocity components in the close vicinity of the
riblet crests (to obtain the Reynolds shear stresses or w?), or measuring the wall-shear
stress within the grooves. The former is possible only via conducting particle image
velocimetry measurements in the streamwise/wall-normal plane close to the riblet crests,
or through the use of multi-wire hot-wire anemometry, which face challenges associated
with laser reflection from the wall and spatial resolution issues, respectively. These
limitations can be bypassed by using conventional single-wire anemometry, which would,
however, require the capability of detecting K—H rollers based solely on the streamwise
velocity signatures. Here, we explore the possibility of such an approach by using the
present numerical simulation as a test case.

The fact that the K—H rollers extend into the valleys and influence the streamwise wall-
shear stress simultaneously across multiple adjacent grooves (figure 4) suggests that there
is merit in probing simultaneously acquired, instantaneous streamwise velocity signatures
across various z and along the span. An example of this is depicted in figure 5, which
uses the same time instant shown previously in the instantaneous streamwise wall-shear
stress in figure 4. To enhance clarity, negative events (i.e. recirculation) are excluded by
taking the ‘absolute’ value of the velocity signal, to simulate the scenario of a hot-wire
measurement (which is insensitive to flow reversals), and the colour bar is chosen in a way
that would reveal the near-wall low-magnitude events. After making these adjustments,
the contour plot clearly reveals the presence of recurring high-fluctuation events (relative
to the low mean speed near the wall) along the x direction, which are consistent with the
negative wall-shear stress events observed in figure 4. These events are spaced at intervals
of approximately 200 < Ax™* <400, which closely matches the wavelength of the K-H
rollers noted from spectra in figure 3. It has been verified that the same events can also be
observed by simply plotting ™, and hence are not an artefact of taking the absolute value
(not shown here).

Next, to assess the spanwise extent of these extreme fluctuation events, figure 5(b—d)
has been selected to depict |u+| in the adjacent riblet grooves in the wall-normal plane
(see figure Sa). They indicate that the high-fluctuation events span multiple riblet spacings
along the span (here, approximately three riblets, with spanwise spacing approximately
86 wall units), thus confirming their connection with the characteristic overlying K-H
rollers and their manifestation on the wall (depicted in figure 4). In figure 5(e), we also
display |u+| within an xy-plane located at the riblet mid-height. This specific location
matches the lowest wall-normal height achievable by the hot-wire sensor (as outlined in
§ 3). Interestingly, the spanwise extension of the K—H rollers at this particular wall-normal
height seems to be comparatively narrower than the extension inferred from the streamwise
wall-shear stress shown in figure 4. This difference in spanwise extent is likely owing to
the increased disruption of the rollers closer to the crest by enhanced turbulence/mixing
activity expected in the region. This is related to increased transpiration across the riblet
crest plane, which likely happens for large l; riblets (Garcia-Mayoral & Jiménez 20115).

The aforementioned findings thus make it clear that the three-dimensional (3-D)
coherence of the K—H rollers can be detected/quantified based solely on streamwise
velocity measurements within the grooves. To further support this, the clear signature
of the rollers from the one-dimensional pre-multiplied spectra of streamwise velocity
fluctuations will also be displayed in § 4 for the comparison between the simulation and
experimental results. The present study quantifies the 3-D coherence of the K—H rollers by
deploying multiple single normal hot-wire probes, to simultaneously acquire streamwise
velocity signals from adjacent riblets along the span, or along the wall-normal direction
within the same riblet groove. Cross-correlation analysis is conducted on this dataset to
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Figure 5. (a) Absolute value of the instantaneous streamwise velocity |u™| within multiple riblet grooves,
shown up to only(x ™ x z*) = (1000 x 200) for clarity. (b—d) Samples of |u™| across the streamwise extent of
the DNS domain 0 < x* < L;* annotated (b), (c¢) and (d) in (a). The dashed black line is at the riblet crest
7zt =h, /2. (e) Plot of |u™| in an xy-plane located at the riblet mid-height, shown with a magenta dash-dotted
line in (a). The y™ range of (a—d) is in the lower part of (e).
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investigate the spatial coherence of the K—H rollers and their sensitivity to s*. The next
section provides comprehensive details about the measurement methodology employed.

3. Experimental set-up and methodology

In this section, in § 3.1 we first describe the wind tunnel facility used in this study. Then
full details about the manufactured riblets are introduced in § 3.2, including the machining
process and riblet properties. Finally, the measurement techniques and validations for
detecting the K—H rollers are described in §§ 3.3 and 3.4.

3.1. Wind tunnel facility

The experiments were conducted in an open-return boundary layer wind tunnel
facility housed within the Walter Basset Aerodynamics Laboratory at the University of
Melbourne. The tunnel working section has a rectangular cross-section with dimensions
0.94 x 0.38 m? in the y and z directions, respectively. The streamwise (x) length of
the working section measures 6.70 m from the boundary layer trip at the inlet. All the
measurements in this investigation are conducted at streamwise location x ~ 3.80 m from
the trip. The tunnel floor consists of eleven interchangeable main plates, each with
dimensions 0.72 x 0.50m? (y x x), as well as eight aluminium side rails. Although
the tunnel floor is equipped with a heating capability, the floor temperature remained
unadjusted for the specific study under consideration. Openings are present in the upper
wall of the tunnel at intervals of 0.5m in the x direction, facilitating the passage of
traversing rods for hot-wire anemometer measurements. The schematics of the tunnel
facility and detailed information on its characterisation can be found in Monty, Harun &
Marusic (2011) and Abu Rowin et al. (2024).

For the present experiments, the wind tunnel is operated within a freestream velocity
range Uso =5—20ms~!. For the smooth wall case, this corresponds to a friction
Reynolds number range 850 < Re, < 2500 at the measurement location. Here, the friction
Reynolds number is defined as Re; =38U; /v, where § represents the boundary layer
thickness (corresponding to a height where the mean velocity U reaches 99 % of the
freestream velocity U), U is the friction velocity obtained directly via dedicated drag
balance measurements (discussed in § 3.4), and v denotes the kinematic viscosity. It is
important to highlight that our approach to varying the viscous scaled riblet spacing
(st or l;,’) involves manipulating the tunnel freestream velocity, thereby influencing Re-.
While this methodology may introduce interdependencies between changing s* and
altering Re., it remains a valid strategy for our investigation. This methodology is also
consistent with previous studies, e.g. Gatti et al. (2020), Endrikat et al. (2022) and
Von Deyn et al. (2022). Moreover, this approach mirrors real-world applications, including
airflow over aircraft surfaces, where both Re, and s naturally vary concurrently across
different cruising speeds and phases of flight. In our study, we have taken measures to
disentangle the impact of Re; on the obtained results by comparing matched cases of s™
between experiment RR43E and simulation RR43, with distinct Re; values ~ 1500 for
RR43E and ~ 600 for RR43. This careful approach enables us to discern and attribute
observed changes to either the variation in s or alterations in Re;.

3.2. In-house fabrication of riblets

The riblets employed in this investigation were fabricated with a desired sawtooth cross-
section, having characteristic tip angle 30°. These riblets had peak-to-peak spacing
s =2 mm and riblet depth h, =3.7mm (refer to figure 15 for definitions), which was
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s=2.0mm

Figure 6. (a) A photograph depicting the overall machined riblet tile, with a finger included for scale. (b) A
side view image showcasing the riblet details, including peak-to-peak spacing s = 2.0 mm, riblet depth 4, =
3.3 mm, tip radius < 30 wm and base width b, ~ 0.3 mm. The riblet shape is delineated by the red solid line.

designed to achieve matched s+ and A (with the DNS) within tunnel freestream range

7 <Us <10ms~!. The riblets were manufactured in-house, within the Walter Basset
Aerodynamics Laboratory, using a MultiCam three-axis CNC router. A 6061 aluminium
alloy was chosen as the fabrication material in order to obtain riblets with high thermal
conductivity, to be used for subsequent heated floor experiments. Obtaining deep cuts
in aluminium using carbide drill bits, however, can be challenging since the drill bits
are prone to wear or breakage during machining. This issue was overcome by dividing
the machining task across multiple stages, which involved using multiple drill bits of
varying sizes to obtain the desired riblet geometry. The final cutting procedure involved the
successive passes of 2.0 mm, 1.5 mm and 1.0 mm ball nose cutters, which incrementally
removed material at depths 0.70 mm, 0.75 mm and 0.73 mm, respectively. Subsequently,
a 0.3mm tapered ball nose cutter with side angle 15° was employed to eliminate an
additional 1.1 mm of material. This cutting strategy required approximately five days to
complete the machining process for each 720 x 500 mm? tile. The resulting shape of
the machined riblet tile is presented in figure 6(a) as an example. For the specific tile
depicted in figure 6(b), the dimensions of the manufactured riblets were s =2 mm and
h, = 3.3 mm, with base width b, =~ 0.3 mm. It is important to note that this rounded-valley
riblet shape results in a height difference of approximately 0.4 mm compared to the ideal
sharp-valley riblets, for which &, = 3.7 mm. However, as mentioned in § 2.2 based on
simulations of sharp- and rounded-valley riblets, the comparison of bulk properties such
as AU or the mean velocity profile revealed no discernible differences between the two
cases. Consequently, the present riblet shape with rounded valleys is considered to exhibit
a behaviour similar to the conventionally studied sawtooth riblets, i.e. with sharp valleys.

To ensure a fully developed turbulent boundary layer associated with the specific riblet
shape under investigation, it was necessary to cover the entire floor of the wind tunnel
(up to x = 3.8 m) with riblet surfaces, which required 11 riblet tiles in total. However,
owing to constraints on time and resources, only two tiles (with combined streamwise
length ~ 1 m) were manufactured using the aforementioned ‘staged machining’ procedure,
to yield a riblet geometry consistent with that depicted in figure 6 (i.e. the main riblet
geometry). Fabrication of the remaining nine tiles using the same staged machining
procedure would have entailed approximately two more months of machining time,
exceeding the available resources for this study. Consequently, a more pragmatic approach
was employed, wherein 30° sawtooth riblets with base width 0.5 mm were fabricated
for the remaining 9 tiles (instead of 0.3 mm base width). Independently conducted drag
balance measurements revealed that such a slight modification resulted in a deviation
in skin-friction drag of less than 2.5 % for the b, = 0.5 mm riblets, when compared to
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Figure 7. (a) Schematic of the riblets showing two hot-wire sensors deployed within the riblet grooves at
spanwise separation Ay =s. (b) A photograph of two hot-wire sensors within the riblet grooves, for spanwise
separation Ay = 3s.

the b, = 0.3 mm riblets. To ensure consistent experimental conditions, the two machined
tiles with base width b, =0.3 mm were placed at, and immediately upstream of, the
measurement location. Such an arrangement ensured an upstream fetch of ~ 0.8 m of the
main riblet geometry, which corresponded to approximately 13 boundary layer thicknesses
(136). By following this approach, it was expected that the boundary layer would be in
a fully developed, i.e. near-equilibrium, state associated with that of the more refined
(b ~ 0.3 mm) riblet geometry.

3.3. Hot-wire anemometry and two-point measurement set-up

Previous discussions (§2.4) on the near-wall footprint of the K-H rollers, in the
instantaneous total streamwise velocity, have paved the way for detection of K—H rollers
based on conventional hot-wire anemometry (i.e. using single-normal hot-wire sensors).
The miniature design of these sensors also makes it convenient to deploy the hot-wire
probes within the grooves of the riblets, having 2 mm spacing at the peak. In the present
study, we deployed a modified version of a Dantec boundary layer type probe (55P15), to
facilitate measurements as low as the mid-height of the present riblet geometry (i.e. z & 0;
figure 7). The sensor is prepared in-house using a Wollaston wire with a Pt-core of
diameter d ~ 2.5 wm, which is exposed to a length / ~ 0.5 mm via etching using nitric
acid. This ensures a length-to-diameter ratio (//d) nearly equal to 200, while also keeping
the spanwise extent of the sensor within 1.0 mm, which is required to access the riblet
mid-height. The length of the stubs, on either side of the Pt-sensor, was approximately
0.1 mm to avoid conduction losses from the prongs while minimising the overall width of
the probe.

During experiments, the hot-wire probe was operated in constant temperature mode
using a custom-designed Melbourne University constant temperature anemometer at
overheat ratio 1.8. Probe calibration was conducted in the freestream of the wind tunnel
both before and after each velocity profile measurement, based on fifteen freestream
velocities ranging from zero to 1.2 times the desired freestream velocity of the specific
measurement. The resulting hot-wire voltage curves are then fitted with a third-order
polynomial curve to obtain the calibration coefficients. For each boundary layer profile
measurement, the hot-wire probe traversed at least 40 wall-normal locations, spaced
logarithmically across 0 <z <§. At each of these z locations, the hot-wire signal was
acquired at sampling rate 40 kHz for duration 7 =300 s, ensuring total acquisition time
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U ms™) Re; sT  mfF bF IF 8(mm) h /s U (ms™") 103C, AUT 1T

r

RR27E (®) 5.0* 1048 27.7 458 4.2 26.6 756 0.041 0.208 346 19 7*
RR43E (O) 8.0* 1554 463 763 69 444 672 0.052 0.347 376 43 11*
RR66E (©) 12.1* 2198 68.8 113.5 10.3 66.0 639 0.054 0.516 364 52 17*
RR88E (@) 16.0 2895 91.5 1509 13.7 87.8 63.3 0.054 0.686 368 58 23
RR110E (@) 19.9 3614 113.5 187.2 17.0 108.9 62.7 0.054  0.851 366 61 28

Table 2. Bulk flow and geometry properties of the rounded-valley riblet at x = 3.8 m obtained from velocity
measurements across a freestream velocity in the range Us, ~5—20ms~!. The parameters include the
boundary layer thickness (§), the blockage ratio (%, /8), the friction velocity (U-), the skin fiction coefficient
(Cr=2/U ;)2), and the hot-wire spanwise spatial resolution (/). Boundary layer profiles were also acquired
over a smooth wall at matched Uy, and ~ [T as those indicated by * in the table.

TUs/8 2 20000. The viscous scaled sampling period, denoted as ¢, varies between
0.09 and 1.57 amongst the various measurements, and is well within the recommendations
made by Hutchins et al. (2009).

Using constant physical dimensions of hot-wire sensors (length /~ 0.5 mm and
diameter d ~ 2.5 wm), across different Re; (i.e. Uso) cases for the riblets meant that the
viscous scaled length of the sensor (IT =1[U /v) varies across 7 <11 <27 (see table 2).
Although these [T values are in close proximity to the recommended threshold [T =20
for minimal spatial filtering (Ligrani & Bradshaw 1987; Hutchins et al. 2009), some
attenuation of the small-scale energy is inevitable for increasing /™. This attenuation,
however, is not expected to significantly impact the primary conclusions of this study,
since the spanwise wavelengths associated with the K-H rollers are significantly larger
than the spatial cut-off associated with the hot-wire resolution (refer to figure 3).The same
is evident from the detailed analysis presented later in section 5. It is also important to
note that the proximity of the hot-wire sensor to the metallic riblet surface, especially
when the sensor is inside the groove (figure 7), means that the wire is subjected to
additional heat losses. This leads to an increased output voltage from the sensor, which
incorrectly corresponds to a higher local time-averaged velocity value (Khoo et al. 2000).
Although these effects can impact the magnitude of the mean velocity measurements
within the riblet grooves, they are anticipated to have minimal impact on the primary
conclusions of this study, which are predominantly based on the spectral/Fourier content
of the streamwise velocity fluctuations (instead of its physical magnitude). For this reason,
as well as the sensor’s inability to identify instantaneous flow reversals (i.e. U < 0), the
velocity magnitudes estimated within the valley regions could not be deemed accurate.
Further details on the impact of heat losses on the hot-wire measurements, in comparison
with simulation results, can be found in § 3.4.

During two-point measurements (conducted independently from the boundary layer
traverse experiments discussed above), two hot-wire sensors were mounted on a unique
multi-axis traversing system (figure 7), to enable reconstruction of two-point correlations
of the streamwise velocity fluctuations in the cross-plane, following Deshpande et al.
(2021). The system permitted independent numerical control of the wall-normal as well
as spanwise offsets between the two hot-wire sensors, thereby facilitating quantification
of the 3-D spatial coherence of the K—H rollers (with the third dimension being time).
Accurate wall-normal positioning of the sensors was critical for the present measurements,
and was ensured with the help of a traversable stereoscopic microscope (TS-30HS), having
a depth-of-field 30 pm. The wall-normal height of each sensor was measured relative to the
riblet peaks by positioning the microscope above each wire, which was itself located above
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Figure 8. (a) Viscous scaled mean streamwise velocity U™ as a function of the viscous scaled wall-normal
distance z* from smooth (grey dashed lines) and riblet (filled blue circles). The crest location z+ = h;r /2
is shown with a short vertical black line for each case. The law-of-the-wall (solid red line), log-law (red
dash-dotted line) and spanwise centre of the riblet grooves (blue dash-dotted line) for the current DNS RR43
of the rounded-valley riblets are also included. (b) Velocity roughness function AU™T of the current riblet
measurement (filled blue circles) shown alongside the current DNS RR43 of the rounded-valley riblets (@),
90° triangular riblets of Bechert er al. (1997) (o), trapezoidal riblets of Von Deyn et al. (2022) (A), and 30°
sawtooth riblets (O) and blade riblets (O) of Endrikat et al. (2021a).

the crest of the riblets. The relative distance between the wire and the crest was determined
with the help of a digital micrometer, which measured the distance traversed by the
microscope to focus from one to another. Further, to facilitate the visual observation of the
sensor as it traversed into the riblet groove, a high-resolution camera system was positioned
upstream of the wire location, looking into the riblet groove. This arrangement permitted
real-time monitoring of the wire as it was meticulously manoeuvred along the spanwise
and wall-normal directions, to position within the riblet groove. It is worth noting here
that this process of positioning the wire within the riblet groove can be subject to various
sources of errors, which include uncertainties originating from the microscope system
(with precision 30 pwm) and the transverse encoder resolution (with precision 5 wm). The
net uncertainty associated with initial positioning of the wire was estimated to be ~ 30 pm
(corresponding to within 1.8 viscous units). See Abu Rowin et al. (2024) for more details
on the uncertainty analysis. Apart from the uncertainty in hot-wire positioning during
wind-off conditions, a small downward movement in the wire position was also noted
when the air flow was turned on. This can be attributed to aerodynamic forces that occur
in any conventional hot-wire experiment, to a certain extent. It is possible that this shift
becomes more pronounced at higher flow velocities.

3.4. Validation of the mean statistics from experiments

The mean velocity profiles for smooth and riblet cases are depicted in figure 8(a). Here,
Ut =U/U, represents the mean viscous scaled streamwise velocity, and z+ =zU;/v
denotes the viscous scaled wall-normal distance. The freestream velocity is varied within
the range Uy, = 8—20m s~1. The measurement over the smooth wall (shown with dashed
grey shaded lines) is also performed for comparison purposes. To determine the friction
velocity (U;) for both smooth and riblet cases, we utilised an in-house drag balance,
as deployed in previous studies on trapezoidal riblets (Endrikat et al. 2022) and rough
walls (Ramani et al. 2024). Details and schematics of the drag balance can be found in

1009 A65-15


https://doi.org/10.1017/jfm.2025.306

https://doi.org/10.1017/jfm.2025.306 Published online by Cambridge University Press

W. Abu Rowin and others

Ramani et al. (2024). A summary of the primary flow and riblet parameters at each Uy
condition, including U, is provided in table 2. As expected for the smooth wall data in
figure 8(a), regardless of the Re; (i.e. Ux) values, all the velocity profiles overlap in
the inner (U' =z™) and logarithmic (Ul“;g =k"log(z") + A) regions. In this context,
k =0.384 and A =4.17 represent the logarithmic constants.

Riblets have been shown previously to alter the slope in the logarithmic region (k)
(Endrikat et al. 2022). Thus forcing the current mean velocity profiles to match the
smooth wall « slope by altering the virtual origin was deemed unreliable. Consequently,
the wall-normal origin for all riblet U™ profiles in figure 8(a) is assumed to be at the
riblet mid-height (%, /2). The hot-wire measured profile U™ (RR43E @) aligns well with
the current simulation RR43 (- ..), except within the valley, where the hot-wire signal
overestimates U™ due to heat losses to the wall. This overestimation affects the accuracy
of the measured velocity magnitude, making it difficult to directly determine the inflection
point from the velocity profile, which is often indicative of instability in shear flows
(Rayleigh 1880). The measured U ™ profiles over the riblet surfaces are shifted downwards
compared to that of the smooth wall. This downward shift, namely the Hama roughness
function AU™, is shown in figure 8(h). Owing to unavailability of the correct virtual
origin for the current riblet study, we vary the origin between the riblet mid-height and
crest. Such variations of the virtual origin lead to changes in AU, which are presented
by error bars in figure 8(b). It is worth nothing here that the uncertainties about the exact
virtual origin for each riblet case do not affect the discussion regarding K—H rollers, as all
the following results related to the K—H rollers characteristic are primarily reported with
reference to the riblet mid-height. Results of the current DNS RR43 of the rounded-valley
riblets (@), 90° triangular riblets of Bechert er al. (1997) (o), trapezoidal riblets of Von
Deyn et al. (2022) (»), and 30° sawtooth riblets (O) and blade riblets (o) of Endrikat ef al.
(2021a) are also included. For the current data, AU appears to gradually increase with
l;, implying increased drag compared to the smooth wall. The small discrepancy between
the experimentally estimated AU ™ (for [;” ~ 44) and that of the simulations (with /] ~ 42)
could be attributed to the different flow geometry (boundary layer for the experiments
and channel for the simulation), the mismatched 4, /§, the valley rounding and/or the
measurement uncertainty, e.g. hot-wire positioning and drag balance uncertainty.

4. Spectral signature of K-H rollers in the streamwise velocity

With the experimentally acquired mean streamwise velocity statistics now established,
the K—H roller characteristics are corroborated by a comparison of the energy spectra of
streamwise fluctuations between simulations (RR43) and experiments (RR43E). In this
context, figure 9(a) displays the pre-multiplied one-dimensional streamwise spectrogram
of u'™ (henceforth referred to as kxqu,u,), derived from DNS of channel flow over both
a smooth wall and rounded-valley riblets (RR43). For the case of the DNS spectra, the
spectra are averaged across multiple planes to achieve convergence. The spectrograms are
presented as functions of the viscous scaled streamwise wavelength A1, and z* (with
z =0 positioned at the mid-height of the riblet). To ensure direct comparability with the
experimental (hot-wire) data, kxqb;,u, has been computed for the DNS by considering

the absolute value of the instantaneous streamwise signal, e.g. u’ t=|ut|—UT. This
procedure is similar to that applied previously to the DNS data in the discussion of

figure 5; the u’ * here is also estimated after spatially averaging the DNS data across ~ 11
wall units in the spanwise direction, aligning with the hot-wire spatial resolution of the
corresponding RR43E case (I ~ 11; see table 2). It has been verified that the K-H rollers’
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Figure 9. The one-dimensional pre-multiplied spectra of streamwise velocity fluctuations at different wall-
normal positions for (a) simulation and (b) experiment results at matched viscous scaled riblet sizes. The blue
contours represent the riblet data of RR43 in () and RR43E in (b), while the black lines represent the smooth
data. The horizontal dashed lines indicate the location of the riblet crest, while vertical dash-dotted lines are at
/lj =400 in (a) and /Ij =500 in (). These lines mark the peak of the spectra below the crest, and are assumed
to represent the streamwise wavelength of the K-H rollers.

streamwise wavelength is unaffected by the spatial filtering of the DNS data (at least up
to [T ~ 28 considered in this study), suggesting that variations in [ across the different
cases would have an insignificant effect on the observed K—H roller characteristics. In
the case of the experimental spectra, we average the signal over sufficiently long hot-
wire signal lengths (i.e. advection length = 208), to achieve satisfactory convergence of
the largest scales. Notably, a distinct narrowband frequency structure is observed below
the riblet crest (z* < h,/2) in the RR43 spectra, prominently at A} &~ 400. This spectral
feature near the wall contrasts with that seen on a smooth wall, occurring at 2} ~ 1000,
which is associated with the classical viscous near-wall cycle (Kline et al. 1967; Garcfia-
Mayoral & Jiménez 2011a). The streamwise wavelength A} ~ 400 closely aligns with the
streamwise periodicity of the K—H rollers observed earlier in figure 5, reaffirming that it
represents their spectral signature. It has been checked that this spectral signature is not
an artefact of estimating u’ * based on the absolute value of the instantaneous streamwise
signal, i.e. u'" =|ut| - UT.

Figure 9(b) compares the pre-multiplied spectra of u’t acquired by a hot-wire sensor
over the RR43E riblets, with that obtained over a smooth wall, for a tunnel freestream
velocity approximately Us, =8.0ms~!. For converting the original frequency spectra
as a function of A} for comparison with spectra from the DNS, a constant convection
velocity approximately 6U, was employed for all 't signals acquired below the riblet
crest (zt < hf/2). This choice is inspired from the past analysis of Garcia-Mayoral &
Jiménez (2011b) and Endrikat et al. (2021a), in which K-H rollers convect along x at
~ 6U-. For signals above the riblet crest, Taylor’s hypothesis, i.e. convection at the local
mean velocity U™t (z"), was adopted. It is important to note that convection velocity
approximately 6U7 is typically valid only for wide streaks (Jiménez 2018). This condition,
as will be demonstrated later, applies to the K—H rollers in the current s* case. The
experimental spectra from the RR43E case exhibit a distinct energy distribution at 2] ~
500, in agreement with that observed from the DNS data (figure 9a). This observation
reaffirms the existence of the K—H rollers in case of RR43E, while also demonstrating
consistency with its equivalent numerical case, RR43. A noteworthy difference between
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Figure 10. The co-spectra of streamwise velocity fluctuations kx¢)j,u of a fixed signal located at the riblet

mid-height ‘reference’ (denoted by ‘ref’) and other wall-normal travérsing signal in the adjacent riblet, as
shown in the schematic in the inset in (a), for (@) simulation RR43 and (b) experiment RR43E results at
matched viscous scaled riblet sizes. The horizontal dashed lines indicate the location of the riblet crest, while
vertical dash-dotted lines are at /lj{ =400 in (a) and /l_;* =500 in (b). These lines mark the peak of the spectra
below the crest, and are assumed to represent the streamwise wavelength of the K—H rollers. The solid black
vertical line in (b) indicates the onset of large scales at 1] ~ 103.

the experimental and DNS spectra in figure 9, however, is the presence of energetic large-
scale inertia-dominated structures in the former (4} > 10% in figure 9b). We speculate that
this difference can be attributed to the significantly higher Re; for the RR43E case, at
which these structures are well-known to be statistically significant (Hutchins & Marusic
2007; Deshpande et al. 2021). We can therefore conclude that K—H rollers exist in the case
of the RR43E riblet, which has matched viscous scaled riblet geometry to the simulated
RR43 case, but with higher Re-.

With the spectral signature of the K—H rollers now identified, next we extend this
analysis to investigate the spatial coherence (i.e. size) of these structures in the spanwise
and wall-normal directions (evident from figure 5). This can be made possible by cross-
correlating two synchronously acquired u’" signals acquired at a spatial offset (Deshpande
et al. 2021), the spectral equivalent of which should reveal the coherence/strength of
the K-H rollers at the identified 2] ~400—500. To test this idea, we compute the pre-
multiplied one-dimensional cross-correlation spectra kx¢>;;u, f(henceforth referred to as

the cross-spectra) based on u’" signals acquired simultaneously at a spanwise offset of
one riblet spacing, i.e. Ay =s (depicted schematically in figure 7a). Here, the subscript
‘ref” denotes the reference u'" signal acquired by a fixed hot-wire sensor at the mid-height
of the riblet (z,.f), which is cross-correlated with the u'* signal synchronously acquired by
another hot-wire sensor traversing various z* (but maintaining a fixed Ay =), yielding
a complex-valued kxqb;u/ E by definition. However, here we consider only the ‘real’ part

of the co-spectra k, q&:,u/ to analyse positive and negative regions that correspond to the
re;

respective correlations (refer to Deshpande et al. (2021) for further clarifications and data
interpretations).
Figure 10(a,b) respectively plot kxgb;u/ based on the numerical (RR43) and hot-wire
ref

(RR43E) data over riblets, for the same A y* =51 ~43. In figure 10(a), a clear positive
correlation is observed between the two signals below the riblet crest, at /l;r ~ 400, which
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is consistent with the streamwise periodicity of the K—H rollers noted previously in
figure 9(a). This finding supports the notion that the average spatial coherence of the K—
H rollers extends across a spanwise distance of at least s™ (i.e. Ay =s). Additionally,
it is not surprising to observe this positive correlation extending up to 20 viscous units
above the riblet crests, given that K—H rollers are known to form above the riblet peaks,
with their streamwise signature extending across tens of viscous units above these peaks
(Garcia-Mayoral & Jiménez 2012). The experimental results for RR43E in figure 10(b)
demonstrate a trend similar to that observed for the simulations (RR43). The u'* signals
across one riblet spacing seem positively correlated below the riblet crest at A} ~ 500,
but this correlation diminishes rapidly above it. This disparity between the experimental
and DNS results, in regard to the wall-normal extension of the K—H rollers, could be
attributed to the presence of an increased hierarchy of turbulent scales over the riblet
crest for the high Re; case (Hutchins & Marusic 2007; Deshpande et al. 2021). This is
clearly evident from the strong negative and positive correlations noted above the riblet
crests in figure 10(b), at 27 ~ 2000 and 10%, respectively. These respectively correspond
to the wall-coherent low- and high-momentum inertial motions coexisiting in a high Re;
boundary layer (Deshpande et al. 2021), which, however, are much weaker at the lower
Re; corresponding to the simulations (figure 10a). To summarise, figures 9 and 10 have
established the methodology to detect spectral signatures of the K—H rollers and also
quantify their spatial coherence. These methodologies are employed in the next section to
investigate the variation in K—H properties as a function of increasing s, corresponding
to the drag-increasing regime of the riblets.

5. Effect of riblet tip spacing on the K-H rollers
5.1. Variation in spectral signature of K—H rollers

Before we investigate the variation in spatial coherence of the K—H rollers as a function
of l;‘, it is important to identify the variation (if any) in the auto-spectral signatures. For

this, we begin by analysing f q’);“/u/ plotted in figure 11, which is estimated from hot-wire

data acquired over riblets at various sT: 27 <sT <110 and 1000 < Re; <3500 (refer
to table 2). Here, considering that all the spectra are obtained from u’ * time series, we
have opted to plot them as functions of the viscous scaled time/frequency scales, i.e.
Tt = U? / fv, instead of applying Taylor’s hypothesis (where f indicates frequency).
Consistent with figure 9, a distinct spectral signature of the K—H rollers is evident at
small time scales (T <200) for z* below the riblet crest, irrespective of the variation
in s7. Their spectral signature has been marked by black rectangles in figure 11, which
clearly reflect a shift in the characteristic viscous scaled time scale of the K—H rollers with
increasing s. Potentially, this can also be interpreted as an increase in the streamwise
periodic offset between the K—H rollers, with increasing s*. It is worth noting that due
to the absence of an estimate of the convection velocity at different tested [ cases,
one could argue that the observed increase in the K—H wavelength might be linked to
an increase in the convection velocity. Therefore, in future analyses, investigating the
convection velocity could provide further insights into this issue. Another noteworthy
observation from figure 11 is the reduction in spectral energy associated with the K-H
rollers, with increasing s*. This could be associated with the penetration of large-scale
structures (7 = 500) into the riblet valleys with increasing s, which is indicated by the
relative darkening and broadening of the energy contours below the dashed line.

To better demonstrate the effect of s on the existence of K—H rollers and the penetration
of large scales into the groove, figure 12(a) showcases f d);r,u/ at the mid-height of the
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Figure 11. The viscous scaled one-dimensional pre-multiplied spectra of streamwise velocity fluctuations,

denoted as f ¢;7u,, obtained from experimental data. The spectra are plotted as functions of the viscous scaled

time scale 77 and the wall-normal distance normalised by half the riblet height, represented by z/(h,/2).
(a—e) Plots corresponding to different values of tip spacing, ranging from s+ & 27 to s™ & 110. The horizontal
dashed lines indicate the location of the riblet crest (z/(%,/2) = 1). The rectangles highlight the narrowband
frequency observed below the riblet crest, which serves as an indication of the presence of K-H rollers.

riblet (z/(h,/2) = 1) for various s cases plotted against 7. The red marker x indicates
that the peak of f ¢:,M/ (which is representative of the K—H rollers) is most energetic for
the lowest s+ value tested (approximately 27). However, as the riblet tip spacing (s™)
increases, this peak generally undergoes attenuation and shifts towards higher T values.
The attenuation is not monotonic: the peak f qb;CM, of the s = 110 case is higher than peaks
of s =66, 88. This trend could potentially be attributed to the downward displacement
of the wire at higher flow speeds, as discussed in § 3.3. Figure 12(b) depicts the variation
in spectral signature (T1) of the K-H rollers (referred to as TI;F ) against sT, which
demonstrates a quasi-linear relationship between these two variables for s < 110. These
observations reaffirm that the frequency of occurrence of K—H rollers is influenced by the
riblet tip spacing (s ™) and/or Re;.

In this context, it is relevant to highlight the study by Ho & Huerre (1984), who
characterised the frequency of K-H rollers by estimating the Strouhal number, defined
as St =0/(TxkgUgkp). Here, Ug iy denotes the convection velocity of the rollers, while 6
represents the momentum thickness of the mixing layer associated with K—H instability.
Ho & Huerre (1984) determined a Strouhal number St =~ 0.032 for K-H instability, a
result later validated by Ghisalberti & Nepf (2002). In the present study, Strouhal numbers
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Figure 12. (a) The viscous scaled one-dimensional pre-multiplied spectra of streamwise velocity fluctuations

fd);r,u, at the riblet mid-height versus 7. The darker blue shading illustrates greater s*. The red ‘x’ marks
indicate the peaks of f q&lju, for K-H rollers at T; - (b) Plot of T;  as a function of s+, The secondary x-axis
in (b) shows the corresponding Re; values; it is not linear.

were observed within the range 0.023-0.034 across the tested values of s, assuming
UkH = Ucrest = 6U; (figure 8a) and 6 ~ (1/4)6,, ~ (1/4)zk u, where §,, is the vorticity
thickness characterising the vertical extent zx g of the roller structures, later measured
to be 1.5 to 0.5k, /2 (see figure 14b). These observed values align closely with those
reported by Ho & Huerre (1984) and Ghisalberti & Nepf (2002), further supporting the
identification of the present structures as K—H rollers.

5.2. Variation in spatial coherence of K—H rollers

Here, we employ the cross-spectral analysis demonstrated previously in figure 10, to
characterise the spatial (i.e. spanwise and wall-normal) extent of the K—H rollers. Figure 13
shows the cross-spectra of the streamwise velocity fluctuations computed between the u'*
signal from a fixed ‘reference’ sensor (positioned approximately at the mid-height of a
riblet groove), and the u't signal from a wall-normal traversing probe, for all s* cases
tested. To examine the spanwise coherence of the rollers, the spanwise offset between the
two sensors (Ay) is varied across 0 < Ay/s < 5. For the case Ay =0, both sensors are
situated within the same riblet groove, with the fixed sensor located at the riblet mid-
height while the other sensor traverses vertically away from the fixed wire, starting from
a minimum wall-normal separation of approximately 0.4 mm. The plots in figure 13 are
arranged from left to right to reflect the increasing values of 27 < s+ < 110, while the
vertical arrangement from top to bottom represents the ascending values of 0 < Ay/s < 5.
Here, since our primary focus lies on the K—H rollers, the cross-spectra are limited to
T+ < 300, for clarity and relevance. To isolate the effect of Re; of the K-H rollers, we
also included the results from the simulation of RR43 in figure 13(c), next to the matched
s from the experiment over RR43E in figure 13(b).

In agreement with the observations made in figure 11, the plots in figure 13(al—el)
at Ay/s =0 reveal a positive correlation below the riblet crest, i.e. f ¢;r,u/ , >0,at TT

associated with the K—H rollers (indicated by rectangles). Consistent with figure 12, the
peak of this correlation shifts to higher 7% values as s increases, while the strength of
the positive correlation appears to diminish with increasing s*. Further to that, the wall-
normal extent of this positive correlation, which represents the wall-normal coherence
of the K-H rollers, initially extends above the riblet tips for s ~ 27, but decreases in
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Figure 13. The viscous scaled co-spectra of streamwise velocity fluctuations f q'):,u of a fixed signal located

ref
at approximately the riblet mid-height and other wall-normal traversing signals for (a—f) 27 <s™ < 110 and
(I-VD) 0< Ay/s <5. Plots in (c), as highlighted with a red box, are results obtained from the DNS for
RR43, with the exact configuration (z and y locations, spatial resolution and absolute value of the signal)
of the experiments of the other columns. The horizontal solid lines indicate the location of the riblet crest at
z/(h,/2) = 1. The rectangles highlight the positive correlation below the crest as indication of K-H rollers.
The greentick and redcross symbols refer to detected and undetected K—H rollers, respectively.

height until it is confined near the mid-height of the riblet, at s™ ~ 110. Hence the first
row of plots in figure 13 suggest that the wall-normal coherence as well as the strength
of the K-H rollers decreases as s increases. Next, to investigate the cross-spectra for
various spanwise separations, we just view the columns of co-spectra in figure 13 for each
viscous scaled riblet size s . For the smallest riblet size (s =27, in figure 13al-aVI) the
distinct signature of the K—H rollers is evident for all spanwise separations (Ay/s < 5).
For larger s > 43 cases of the experimental results, however, coherence of these K-H
rollers appears to decrease as Ay /s increases.
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Figure 14. (a) Contours of the peaks of ¢;“,u at Tk below the crest as a function of the two wires viscous

’
ref
scaled spanwise separation Ayt and s™. The + marks show the measurement points, while the rest of the
contour is interpolated. (b) The variation in wall-normal coherence (zx /(% /2)) as a function of sT, shown
with the x marks. The secondary x-axis in (a) and (b) shows the corresponding Re; values; it is not linear.

The influence of Re; on the characteristics of K—H rollers becomes evident upon
comparing figure 13(b) for RR43E at Re; &~ 1500 and figure 13(c) for RR43 at Re; ~ 600.
Examining the first row of figure 13(b,c) at Ay/s =0, the coherence of K-H rollers is
notably narrower in band 50 < 7+ < 300 for RR43 in comparison to the range T+ 2> 50
for RR43E. This distinction is largely attributed to the deeper penetration of large-scale
structures into the riblet valleys, influenced by the substantially higher Re; in the case of
RR43E, aligning with the observations of figure 11. Of particular interest is the discernible
interruption in the spanwise extension of K—H rollers induced by the elevated Re, in the
RRA43E case (see figure 13(b,c)I-VI). The coherence of K—H rollers experiences a loss
at Ay/s ~ 4 for RR43E, whereas it remains comparatively robust until Ay/s ~ 5 for the
RR43 case. These findings collectively underscore the substantial influence of increasing
Re; in disturbing the K—H rollers. We should also note that between the current simulation
(RR43) and experimental (RR43E) cases, the ratios of the riblet height to the boundary
layer thickness are substantially different, and could also contribute to the differences
observed between the two cases.

Overall, figure 13 suggests that both the spanwise and wall-normal extents of the K-H
rollers are influenced by s or Re;. Notably, for large s ~ 110, the spatial coherence of
the K—H rollers is confined to a single valley, indicating a deviation from their typical
‘spatial extension’ along the span. To analyse the spanwise extension of the rollers in
viscous scaling (i.e. Ay™), instead of Ay/s as done in figure 13, we plot in figure 14(a)
contours of the peak of fqbu/u/mf (i.e. at T;H) at z+ < hf/2, as a function of Ayt and s+.

Since in this study s* is varied simultaneously with Re;, the corresponding Re, values
for each case are shown on the top axes of figure 14. This highlights the coupled variation
and underscores the limitation in isolating the individual effects of s™ and Re, within
the present dataset. The strength of the K—H rollers appears to slightly reduce as s™
increases. This, however, should not be confused with the spanwise extent of the near-wall
cycle, given that it has a distinctly different 7 ~ 100 than noted for T,?  in figure 12(a).
Figure 14(b) additionally presents the wall-normal extension of K—H rollers, denoted as
zx 1/ (hy/2) plotted against s for values acquired from the first row (Ay = 0) of figure 13.
Here, zx i is detected at Tx y when f ¢:,u/ ~ 0.05. As elaborated previously, it is evident

ref
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that increasing s (and Re.) leads to a discernible reduction in the wall-normal extension
of K-H rollers. We speculate that the increasing penetration of relatively large scales into
the riblet grooves, with increasing s or Re., affects the velocity mismatch between the
valley and above the riblet crest.

6. Summary and conclusions

This study reports a comprehensive experimental investigation into the influence of riblet
size on the geometric characteristics of Kelvin—Helmholtz (K-H) rollers, overlying the
riblet surfaces. A direct numerical simulations (DNS) database of turbulent channel flow
over riblets was utilised initially to develop a novel methodology for identifying these
structures based solely on instantaneous streamwise velocity signatures. Our findings
revealed that the K—H rollers leave distinct, quasi-periodic signatures in the streamwise
velocity component below the riblet crest. Building upon this knowledge, we demonstrated
that K-H rollers over riblets could be detected effectively by examining the one-
dimensional pre-multiplied spectra of streamwise velocity fluctuations. Additionally,
to assess the three-dimensional spatial extent of the rollers, we implemented cross-
correlation spectra analysis on two-point streamwise velocity fluctuations acquired in the
cross-plane, for varying spanwise and wall-normal offsets.

This study examines the influence of viscous scaled riblet tip spacing (s ™) by employing
a well-established experimental approach (e.g. Gatti et al. 2020; Endrikat et al. 2022;
Von Deyn et al. 2022) that involves varying the tunnel freestream velocity, which
simultaneously affects the friction Reynolds number (Re;). Given this methodology,
any trends observed in relation to changes in s™ may also reflect concurrent variations
in Re;. As these effects are inherently coupled in the current experimental set-up, we
have carefully considered this interdependence when interpreting the results, to attribute
findings with due caution.

Our investigations using a single normal hot wire traversing the wall-normal plane
consistently demonstrated the presence of narrowband frequency structures below the
riblet crest (associated with K—H rollers), irrespective of the variation in s* (or Re;;
consider likewise ahead). In particular, the time scale (and consequently the streamwise
wavelength) associated with these rollers exhibited a progressive increase with increasing
st. The cross-spectral analysis between two signals positioned within the same groove,
at the same streamwise location, revealed weakening of the K-H rollers with increasing
s at the riblet mid-height. This diminishing strength was associated with a reduction in
their physical wall-normal extent, with the rollers found to extend across the riblet crest
for s A~ 27, but becoming confined below the riblet mid-height when s =~ 110.

Our investigation also revealed a notable decrease in the physical spanwise extent of the
K-H rollers with increasing viscous scaled riblet size. For instance, at st a2 43, the rollers
were observed to extend across three riblet grooves along the span, whereas at s =~ 110,
they were confined to a single groove.

Despite having a matched simulation case for the current experiment at s~ 43 (and
l; ~41), the analysis of streamwise velocity fluctuations showed that the K—H rollers
in the simulation case (RR43) extended over a larger spanwise distance with stronger
correlation compared to the experimental case (RR43E). Specifically, the K-H rollers in
RR43 extended up to Ay/s <10 (e.g. 10 riblets) or Ayt =430, while in RR43E, they
extended only up to Ay/s <2 (or Ayt ~90). We speculate that the difference in K-H
roller characteristics between RR43 and RR43E could be attributed to the different
Re; values: RR43 was simulated in a channel flow at Re; =590, whereas RR43E
was conducted in a turbulent boundary layer at Re; = 1460. This difference is also
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evident in the one-dimensional pre-multiplied spectra or co-spectra of streamwise velocity
fluctuations, confirming the Re; influence on K—H rollers to a certain extent. Although
an extensive number of studies on riblets exist in the literature, most focus on the drag
reduction regime (I} < 20), where K-H rollers are weak or only partially developed
(Endrikat et al. 2021a). Even for datasets involving drag-increasing riblets, the formation
and characteristics of K—H rollers are rarely discussed, preventing a clear conclusion on
their trends at varying Reynolds numbers.

The current findings support that the K—H rollers might not be solely responsible for
increasing drag over riblets, as also previously indicated by the simulations of Endrikat
et al. (2021a). It is important to note that the present study follows the same methodology
as previous experimental investigations— namely, increasing l; by increasing Re; — and
finds that the K—H rollers become statistically insignificant. Further parametric studies are
necessary to decouple the effects of s and Re, to determine whether the weakening of
K-H rollers is due solely to increasing s*, Re;, or a combination of both, an inquiry that
lies beyond the scope of this study. These findings also carry ramifications for the heat
transfer enhancing capability of riblets at larger s*. Prior research (Kuwata 2022; Rouhi
et al. 2022) has suggested that riblets enhance heat transfer by fostering additional mixing
within their grooves, a process facilitated by the presence of K—H rollers. Therefore, the
present results underscore the necessity for further investigations to better understand the
interplay between riblet size, Reynolds numbers, heat transfer, and the strength and role
played by K—H rollers.
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