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Abstract: Motivated by the saturation of drag reduction effectiveness at high non-dimensional riblet
spacing in turbulent boundary layer flows, this study seeks to investigate the influence of a secondary
blade riblet structure on flow statistics and friction drag reduction effectiveness in comparison to the
widely explored single-scale blade riblet surface. The turbulent flow dynamics and drag reduction
performance over single- and multi-scale blade riblet surfaces were experimentally examined in a
flow visualization channel across various non-dimensional riblet spacings. The shear velocity was
quantified by the streamwise velocity distributions from the logarithmic layer via planar Particle
Image Velocimetry (PIV) measurements, whereas the near-wall flow dynamics were characterized
by a Micro Particle Image Velocimetry (micro-PIV) system. The results highlighted that although
both riblet surfaces exhibited similar drag reduction performances at low non-dimensional riblet
spacings, the presence of a secondary riblet blade structure can effectively extend the drag reduction
region with the non-dimensional riblet spacing up to 32 and achieve approximately 10% lower
friction drag in comparison to the single-scale riblet surface when the non-dimensional riblet spacing
increases to 44.2. The average number of uniform momentum zones (UMZs) on the multi-scaled
blade riblet has also reduced by 9% compared to the single-scaled riblet which indicates the reduction
of strong shear layers within a turbulent boundary layer. The inspection of near-wall flow statistics

demonstrated that at high non-dimensional riblet spacings, the multi-scale riblet surface produces
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result demonstrated that surfaces with spanwise variations of riblet heights have the potential to
maintain drag reduction effectiveness across a wider range of flow speeds.
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The aerodynamic performance of wind turbines is highly influenced by the dynamics
of turbulent flows in the near-wall regions across the blade surface. In the last decades,
various active and passive flow control methods have been invented and investigated
for enhancing the blade’s aerodynamic performance, including air blowing/suction [1-3],

plasma actuator [4,5], synthetic jet [6,7], slotted airfoil [8,9], phononic materials [10-12],
and riblets [13-18]. Among these flow control approaches, riblet surface treatment, which
was inspired by shark skins, has garnered growing attention in recent decades due to its
passive nature, low-weight addition, and cost-effectiveness, making it a compelling choice
This article is an open access article 10T achieving drag reduction in various applications [19-21]. By impeding the translation
distributed under the terms and  Of streamwise vortices and lifting the vortices off the surface, riblet surface treatments are
conditions of the Creative Commons ~ known to reduce fluid drag within turbulent boundary layers by approximately 10% with
Attribution (CC BY) license (https://  an optimal riblet structure design [22-27].
creativecommons.org/ licenses /by / Numerous experimental and numerical investigations have been performed to com-
40/). prehend the working principle and drag reduction (hereafter referred to as DR) effect of
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riblet surfaces within turbulent boundary layer flows [19,22,23,28-30]. Several investiga-
tions have linked the DR achieved by riblets to the displacement of streamwise vortices,
which are known to contribute to turbulent production, away from the surface and a
decrease in their spanwise meandering [31]. Lee et al. [29] employed PIV and PTV to
demonstrate riblets” ability to lift large-scale streamwise vortices and maintain sufficiently
a low cross-stream velocity within the valleys, resulting in reduced wall shear stress. A
subsequent study by Lee [27], utilizing PIV analysis, illustrated a decrease in small-scale
spanwise vortices over riblet surfaces. A Direct Numerical Analysis (DNS) by Goldstein
et al. [32] suggested that riblets’ principal beneficiary effect is the damping of cross-flow
fluctuations. Similarly, other studies [33,34] concluded that the momentum transport over
riblet surfaces is mitigated by impeding the cross-flow, and the strength of streamwise vor-
tices also decreases. The capability of riblet structures to mitigate friction drag is reflected in
boundary layer flow statistics. Using the hot wire anemometry and smoke wire technique,
Choi et al. [22] observed the upward-shifiting of the mean velocity profile and the growth
of the viscous sublayer thickness. Their subsequent work [35] also explained that a riblet
surface produces a larger shape factor of the boundary layer, indicating a delayed transition
to turbulence. Suzuki and Kasagi [36] reported that the reduction of streamwise vortices
leads to a hindrance in the transfer from streamwise to spanwise turbulent kinetic energy.
This observation aligns with the mitigation of ejection and sweeping motions over riblet
surfaces reported by Choi et al. [33]. Hou et al. [37] demonstrated lower near-wall velocity
fluctuations and vorticity strength compared to smooth surfaces via three-dimensional
measurements of turbulent flow. A smaller number of prograde vortices and uniform
momentum zones over riblet surfaces were observed in recent experimental studies [38,39].
Overall, the drag reduction effectiveness of riblet structures highly depends on a non-
dimensional riblet spacing s* = suo/v, where s is the distance between successive riblet
tips, U is the friction velocity over the smooth surface under the same flow rate, and v is
fluid kinematic viscosity. Bechert and Bartenwerfer [40] and Luchini et al. [41] pointed out
that with negligible nonlinear interactions between riblet structures and near-wall flows,
the drag reduction ratio is proportional to s* for s* < 8, and the maximum drag reduction
is observed at s™ ~ 15-20. It is worth noting that although the non-dimensional spacing s*
is dominant in determining the optimal riblet design for drag reduction, the riblet geome-
try also highly influences the near-wall turbulent flow statistics and the associated drag
reduction performance. Bechert et al. [23] demonstrated that blade riblets offer a higher
level of DR compared to sawtooth, scalloped, and trapezoidal riblets. They further pointed
out that the highest drag reduction ratio is achieved when the riblet blade height is half
of the riblet spacing. A number of experimental and numerical works have demonstrated
that riblets with spanwise converging and diverging arrangements facilitate the control of
large-scale turbulence structures in the outer layer [42—-47].

The mechanism behind the saturation of drag reduction beyond the optimal range
of s* remains incompletely understood, primarily due to the complex interaction of near-
surface turbulence over riblet structures. One such mechanism involves the relocation
of quasi-streamwise vortices (QSVs), which was investigated both experimentally and
numerically by Lee and Lee [29] and Martin and Bhushan [48]. At low riblet spacings
(s* < 15), QSVs with a diameter of approximately 30 wall units occur solely above riblet
structures, interacting only with the protruding tips and impeding momentum transfer.
Goldstein and Tuan [49] noted that at larger riblet spacings (s* > 20), QSVs form inside
the riblet grooves, which transports additional momentum towards the wall and produces
additional drag. With large-spacing riblets, a substantial portion of the riblet surface is
influenced by the downward flow produced by the QSVs. Consequently, the friction
drag over riblet surfaces can surpass that over smooth walls, resulting in a drag increase
(hereafter referred to as DI) at s* > 40. Another mechanism for DI is linked to the emergence
of large-scale spanwise vortical structures related to the Kelvin-Helmholtz (K-H) instability.
Due to the influences of the wall-normal velocity fluctuations and flow mixing layer near the
riblet tips, K-H rollers can be developed with additional Reynolds stresses and contribute
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to the drag over blade-shaped riblets. It is worth noting that a recent DNS study with a
minimal-span channel approach pointed out that the drag penalty induced by K-H rollers
was observed only for large sharp-triangular and blade riblets, whereas this phenomenon
was absent for surfaces with blunt-triangular and trapezoidal riblets [50-52].

As discussed above, the majority of studies up to date have concentrated on single-
scale riblet surfaces with consistent riblet sizes. However, the comprehensive understand-
ing of fluid-surface interactions involving multi-scale riblet designs, which may result
from manufacturing imperfections or be intentionally implemented to enhance drag re-
duction, is still limited. Recent investigations by Endrikat et al. [53] utilizing DNS have
demonstrated that multi-scale riblets with half-height trapezoids between primary ones can
shift turbulence upwards compared to single-scale trapezoidal riblets, thereby extending
the critical s* between drag reduction (DR) and drag increase (DI) regions. Furthermore,
the optimal riblet spacing for multi-scale riblets achieves a maximum DR comparable to
that of their single-scale counterparts, corroborating the findings of Wong et al. [54]. Wilkin-
son et al. [55] investigated compound and unconventional riblet geometries, noting an
improved turbulence alteration at higher wavelengths but no improvement in DR. Despite
these efforts, experimental evidence for the effectiveness of a multi-scale riblet surface in
friction drag reduction and the knowledge of its impact on flow statistics across turbulent
boundary layer remain lacking. The present study aims to fill this knowledge gap and
examine the fundamental interaction mechanisms between turbulent boundary layer flows
and multi-scale blade riblet surfaces across a range of non-dimensional riblet spacings.
Leveraging the newly developed experimental platform with particle image velocimetry
(PIV) measurements of flow dynamics within both the logarithmic layer and near-wall
regions, the results highlight the distinctive influence of multi-scale riblet structures in
modulating turbulence structures and reducing friction drag in the DI regions in compari-
son to their single-scale counterpart. This manuscript is organized in the following way:
the experimental setup is elaborated in Section 2; results and discussions of drag reduction
effectiveness and flow dynamics are presented in Section 3; finally, the limitations and
conclusions are summarized in Sections 4 and 5.

2. Experimental Setup

Experiments were conducted in the water channel at the Fluids, Turbulence Control,
and Renewable Energy Lab in the University of Texas at Dallas. This water channel
comprises a test section with 2 meters length, 0.2 meters width, and 0.2 meters depth [56,57].
In this work, a secondary wall with a tripping wire fixed at its leading edge was used to
generate turbulent boundary layer (TBL) flow. The 200 mm-long testing surfaces were
inserted into the secondary wall located 1.5 m downstream of the tripping wire to produce
a well-developed TBL flow. The TBL over different riblet surfaces was characterized under
four free-stream water flow velocities at Us = 0.20, 0.26, 0.36 and 0.44 m s~ 1. Details of the
boundary layer thickness 4, friction velocity 1, friction Reynolds number Res = ud/v,
and friction coefficient Cy = 21@0 JUZ, at the location of the testing surfaces are illustrated
in Table 1. The friction velocity #.o under each U., was estimated based on the Clauser
method from the logarithmic layer of the velocity profile (see details in Section 3.1).

Three testing samples, including one single-scale blade riblet surface, one multi-scale
blade riblet surface, and one smooth surface as the baseline case, were investigated in
this work. Both riblet surfaces were fabricated by Bantam Tools desktop CNC milling
machine over an acrylic plate with 25 um tolerance. The single-scale riblet surface was
featured with a riblet spacing of s = 2 mm and blade height of & = 1 mm; this riblet design
with an optimized h/s = 0.5 allows us to achieve optimal drag reduction performance as
demonstrated in previous studies [23,24]. The multi-scale riblet surface shared the same
blade height and riblet spacing as the single-scale counterpart, whereas a secondary riblet
blade with a height of ks = 0.5 mm was fabricated in the middle of each neighboring
primary riblet blade. A photograph of the riblet testing samples and the associated riblet
dimensions is presented in Figure 1. Based on the 1,y estimated from the TBL, the designed
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riblet surface produced a wide range of s* € [20.6,44.2] (see Table 1), within which the
riblet surface was performed from DR to DI regimes. The schematic of this experimental
setup is depicted in Figure 2.

Table 1. Characteristic parameters of turbulent boundary layers under various values of Uco.

U (ms™)) 6 (mm) zg ms™) st Res Cs
0.20 32.40 0.0103 20.6 334 0.0053
0.26 31.90 0.0134 26.8 427 0.0053
0.36 30.35 0.0183 36.6 555 0.0052
0.44 30.76 0.0221 442 686 0.0051

(b)

s=2mm |«

Figure 1. Images of the cross-section of the riblets: (a) single-scale riblet design; (b) multi-scale
riblet design.
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Figure 2. (a) Schematic of the experimental setup and (b) photograph of the PIV measurement in the
water channel.

The TBL velocity profiles over different surface treatments were quantified by a particle
image velocimetry (PIV) system in two scales. This system consisted of a 4MP (2560 x 1600)
resolution phantom VEO440 camera, where the flow fields were illuminated by a double-
pulsed YLF laser synchronized with the camera. The velocity profiles within the logarithmic
layer were captured with 105 mm Nikon lenses, which produced a field of view (FOV) of
130 mm x 81 mm and covered the boundary layer flow within x/é € [3,6.7] and y/J € [0,2].
Here, the origin of the axis was located on the leading edge of the testing sample at the
wall surface. In this work, the velocity profile at x/J = 6 was used to assess the impact
of the riblet in modulating the TBL flow. It is worth pointing out that due to the limited
distance from the testing sample’s leading edge, the velocity profile in the logarithmic layer
may not fully adjust to the near-wall shear stresses produced by the riblets. To further
assess the impacts of the riblet surface in modulating near-wall turbulent flow dynamics
with a high spatial resolution, an Infinity K2 long-distance microscope was implemented
as a micro-PIV system. This micro-PIV measurement had a FOV of 8§ mm x 5 mm and
focused on turbulent flow statistics within y < 0.1J. The center of this FOV was located at 66
downstream of the testing sample’s leading edge (i.e., same as the flow measurement within
the logarithmic layer). For both the logarithmic layer and near-wall flow measurements,
1800 image pairs were recorded at a frequency of 60 Hz. The captured image pairs were
used to obtain instantaneous TBL velocities via the INSIGHT 4G software(Version: 11.1.1.0)
developed by TSI. The processed flow field led to a vector grid spacing of Ax = Ay = 0.41
mm within the logarithmic layer with the 105 mm Nikon lenses, and Ax = Ay = 0.06 mm
in the near-wall region with the Infinity K2 long-distance microscope. The uncertainty of
the flow field measurements was estimated by that of Gaussian fit in the identification of
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particle locations, which was ~0.1 pixel. With a bulk particle movement of 8 pixels between
two successive images, the overall velocity measurement uncertainty was ~1.25%.

3. Results and Discussion

The friction drag and flow statistics over different testing samples within the TBL are
analyzed in detail in this section. Velocity profiles within the logarithmic layer, the surface
friction drag, and the associated large-scale turbulent flow structures are presented in
Section 3.1. The near-wall flow statistics via micro-PIV measurements, including Reynolds
shear stress, Probability Density Function of velocity fluctuations, and quadrant analysis
are detailed in Section 3.2.

3.1. Drag Reduction Effectiveness and Large-Scale Structures

PIV flow measurements employing the 105 mm Nikon lenses were conducted on
all three testing surfaces to ascertain the streamwise velocity profile and determine the
associated shear velocity from the logarithmic layer within the TBL. Representative nor-
malized streamwise velocity profiles within 10 < y* < 300 are shown in Figure 3. Here,
the shear velocities u; corresponding to each velocity profile were calculated using the
Clauser method. This method entails estimating the log region slope of the velocity profile
by fitting it to a logarithmic equation in the form of

u+=%lny++A—AU+. 1)

where u* = U/ur, y* = yur/v, x is the von Kdrman coefficient, A is the log law intercept on
the flat surface, and AU™ is the roughness function. For each configuration investigated in
this work, the values of 1 and AU™* were determined by the least-square fitting of the local
velocity profile to Equation (1). It is worth noting that the location of v = 0 for riblet surfaces
was determined according to the concept of a virtual origin [23] to facilitate the comparison
of velocity profiles between riblets and smooth surfaces. Here, the virtual origin for both
single- and multi-scale riblets was estimated utilizing the protrusion height 1, with y =0
located at a distance of /1, below the riblet blade tip (see the subplot of Figure 3a). For blade
riblets, /1, can be determined as [40]

1 mth
hp = ;ln(l +tanh ?)S =0.21s. (2)
® 5 ® 29
15 15
+§ +§
10 0| o multi-scale riblet 10
A single-scale riblet
5 O smooth surface 5
smooth surface theoretical
10' 10° 10
y+

Figure 3. Normalized streamwise velocity profiles over smooth, single-scale, and multi-scale riblet
surfaces at (a) s* = 20.6, (b) s* = 26.8, and (c) s* = 44.2. The green dashed line represents the
theoretical distribution of the velocity profile for the smooth wall within the ‘log-law region’.

The presence of the secondary riblet structure modifies the boundary layer velocity
profiles across s*. In Figure 3a, at the lowest s* = 20.6, the non-dimensional streamwise ve-
locity u™* over both single- and multi-scale riblet surfaces exhibit an upward shift compared
to the smooth surface counterpart, which indicates lower u. and, therefore, a skin friction
reduction effect. The growth of st reduces the scales of near-wall streamwise vortices,
where the interactions between TBL flow and riblet surfaces shift from the ‘DR’ to ‘DI’
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regions in Figure 3b,c. This phenomenon is clearly reflected via the velocity profiles in
the logarithmic layer, where AU (marked in the subplot of Figure 3b) of the single-scale
riblet surface increases to 0.55 at s* = 26.8, and finally reaches 1.7 at s* = 44.2. While the
velocity profiles over the multi-scale riblet surface exhibit a similar trend, the growth rate
of AU™ is lower compared to the single-scale cases. AU = -0.3 remains negative over this
surface (and, therefore, retains drag reduction effectiveness) at s* = 26.8, and at the highest

=442, its AU* = 1.15 is still lower than that of the single-scale case. The capability of the
mult1—scale riblet surface in maintaining a smaller growth rate of AU™ indicates that this
design allows us to achieve drag reduction effectiveness across a wider range of s* than
the single-scale counterpart.

To further quantify the impacts of multi-scale riblet surfaces in modulating the drag
reduction effectiveness, the shear velocity determined by the Clauser method is utilized
to calculate the wall shear stress T = pu? across different s* and testing samples. Then,
the percentage of drag reduction is quantified in the form of

R(%) = Riblet ZT0 100, 3)
0

where 1 is the shear stress on the smooth surface. Figure 4a summarizes the drag reduction
achieved by both riblet surfaces. Ats™ = 20.6, they demonstrate comparable drag reduction
capabilities with DR = -5%. The growth of s* results in the increase in DR over both
riblet surfaces, where approximately a 23% drag enhancement in comparison to smooth
surface is observed over the single-scale riblet at s* = 44.2; however, this value reduces to
approximately 13% over the multi-scale counterpart at the same s*. It is worth noting that
compared to a single-scale riblet surface, the multi-scale one extends the drag reduction
region from s* ~ 26 to 32. Indeed, a recent study by Endrikat et al. [53] pointed out that
for surfaces with non-uniform riblet designs in the spanwise direction, the dominating
parameter that governs their drag reduction performance can be determined by a modified
non-dimensional riblet size l vi=\/Ag—(0.5A¢)(hs/h), where Ag is the groove cross-section
area. The drag reduction percentage as a function of ngr for both single- and multi-scale
riblet surfaces are demonstrated in Figure 4b. Overall, the datasets exhibit improved
collapsing across [} o when compared to the widely used s*. The drag reduction curve
also shows good agreements with those reported from previous studies [23,58]. The small
discrepancy of drag reduction performance over these two riblet surfaces as a function of
l;,i can be attributed to the estimation of friction drag from the logarithmic layer, whereas
the variation of near-wall shear stress may not yet be fully transferred to the flow dynamics
in the logarithmic layer due to the relatively short distance from the leading edge of the
riblet surfaces to the sample area.

(@ » A (b) A
=4 -single-scale riblet / 7
20 —E--multi-scale riblet /7 /7
/ %

15 7 o 15 /
— / —~
X ’ / IS
SR p A ; < 10 =
£ ~ / £
<]t~ 5 e 7 <]k~ 5 /

/
ol B 2
O ===-= e OF == A~ = === === ===
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91
Figure 4. (a) Drag increase curve by single-scale and multi-scale riblet surfaces as a function of s*;
(b) same as (a) but as a function of lg,i- Experimental data from Gatti et al. (green dashed line) [58]
and Bechert et al. (triangles and crosses) [23] are included for comparison. A positive value indicates

a net increase in friction drag.
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The distinctive impacts of riblet structures also modulate the large-scale flow structures
over surfaces. This phenomenon is analyzed via the distribution of uniform momentum
zones (UMZs). Figure 5 illustrates an instantaneous normalized streamwise velocity
distribution at s* = 44.2 above the smooth surface, where the flow structures are featured
by a number of thin layers with a relatively uniform flow within each zone. It is worth
noting that the non-turbulent region with u ~ U, is not included in the analysis of UMZs.
Similar to previous works [59,60], the non-turbulent region is defined by the turbulent/non-
turbulent interface (TNTI) marked by the solid black line in Figure 5, where the location
of the TNTI is determined by a threshold on the defect in kinetic energy. This approach
allows us to highlight the modal velocities at the vicinity of Uc.

4 4.5 5 55 6 6.5
x/d

Figure 5. Snapshot of normalized streamwise velocity #/Uc over a smooth surface at s* = 44.2
superimposed with the outline of the TNTL.

The Probability Density Function (PDF) of a representative instantaneous streamwise
flow velocity within a detection window of x/é € [5,5.7] is shown in Figure 6a,b. The modal
velocity, which is characterized by the local maximum in the PDF, is highlighted by black
arrows. The vertical dashed lines indicate the threshold velocity demarcating each UMZ,
which is determined by averaging the neighboring modal velocities. The corresponding
instantaneous streamwise velocity fields are presented in Figure 6c,d, where the edges
of detected UMZs and the location of TNTI are marked by solid black lines. In general,
the detected edges of UMZs highlight the evident change in the streamwise velocity
magnitude along the wall-normal direction, which indicates the occurrence of a high local
velocity shear. The time-averaged numbers of UMZs (hereafter referred to as Ny;;z) above
all testing surfaces across various s* and detection window length L, /J are summarized in
Figure 7. For consistency, all the detection window begins at x/J = 5. Overall, despite some
variation of Ny, as a function of Ly/J, the riblet structures exhibit a distinctive trend in
modulating boundary layer flow dynamics. Specifically, at the lowest s* = 20.6 where both
riblet surfaces reduce the friction drag (Figure 7a), the mean UMZs are consistently lower
than the smooth surface counterpart across various L, /é values, indicating the reduction
in strong shear layers within the TBL. A similar phenomenon was reported in previous
experimental works by [38,39] where the decrease in UMZs occurs with drag reduction
within TBL. When s* increases to 26.8 (Figure 7b), the single-scale riblet surface starts to lose
the drag reduction functionality and produces similar N,;;,; with the smooth surface. On the
other hand, the N;;;; of a multi-scale riblet surface remains lower across Ly /J. Finally, at the
highest s* = 44.2 (Figure 7c), both riblet surfaces increase friction drag and lead to a higher
Numz in comparison to the smooth surface, whereas the mean value of Ny, averaged
across Ly /d for the multi-scale riblet surface is approximately 9% lower than the single-scale
counterpart. The results highlight that multi-scale riblet structures allow us to mitigate the
population of shear layers within the TBL and enhance the coherence of turbulent flow
structures under a high s region when compared to traditional single-scale structures,
which corresponds to their capability for maintaining drag reduction effectiveness across a
wider range of incoming flow speeds shown in Figure 4.
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Figure 6. (a,b): PDF of instantaneous streamwise velocity distribution in the detection window of
x/6 € [5,5.7] over (a) smooth and (b) single-scale riblet surfaces at s = 44.2; (c,d) are the corresponding
snapshots of the normalized streamwise velocity u/Ue superimposed with the edges of UMZ and
location of TNTIL. The vertical dashed lines indicate the detection window.

(@ 4 x smooth (®) 4 © 4
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Figure 7. Comparison of the mean number of UMZs as a function of the surface treatment and the
detection window size at (a) s™ = 20.6; (b) s* = 26.8; (c) s* = 44.2.

3.2. Near-Wall Flow Dynamics

As discussed in Section 3.1, the secondary riblet blade modulates the TBL in the
logarithmic layer and the surface friction drag. To gain deeper insights into the mechanisms
underlying the modulation of near-wall flow dynamics by different riblet designs and their
correlation with variations in wall frictions, Micro-PIV analysis was performed over both
single- and multi-scale riblet surfaces. Specifically, this analysis focused on scenarios with
the lowest (i.e., s* = 20.6) and highest (i.e., s* = 44.2) non-dimensional riblet spacings,
where the two riblet designs exhibited distinct drag reduction performances. First, profiles
of Reynolds shear stresses are shown in Figure 8. In each plot, the shear stresses are
normalized by the shear velocity of the smooth surface 1,y determined from the velocity
profile in the logarithmic layer as discussed in Section 3.1. It is worth noting that in
proximity to the virtual origin, micro-PIV measurements encountered challenges in reliably
capturing particle displacement due to the blocking of the riblet blade on the FOV below
the riblet tip and laser reflection. Therefore, the profiles of shear stresses are demonstrated
within y > 650 um (i.e., y/J 2 0.02). The results in Figure 8 illustrate that within the near-
wall region, the Reynolds stresses increase monotonically with the wall distance under
both riblet surfaces and s*. Specifically, in the DR region (i.e., s* = 20.6, Figure 8a), both
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riblet surfaces lead to similar Reynolds shear stresses at y/d < 0.036, and the multi-scale
riblet exhibits higher Reynolds stress levels with the further growth of the wall distance.
Note that the Reynolds shear stress reaches close to 0 at y/é = 0.02 over both riblet surfaces,
which corresponds to y* ~ 6 above the virtual origin. A similar phenomenon was also
observed in previous studies for the evolution of Reynolds stress in DR scenarios over
riblet surfaces [19,51]. On the contrary, when s* increases to the DI region (Figure 8b),
the multi-scale riblet demonstrates a lower Reynolds stress at y/é < 0.04, beyond which
both surfaces yield comparable results. The lower near-wall Reynolds stress produced by
the multi-scale riblet surface at s* = 44.2 indicates that the existence of the secondary riblet
blade mitigates the near-wall velocity fluctuations and dampens the energy of the turbulent
flow. This aligns with the conclusion from the logarithmic layer velocity profiles that the
multi-scale riblet surface produces a lower friction drag than the single-scale counterpart
within the DI region.

(@) 0.5} | o multi-scale riblet o5 (b)
A single-scale riblet ® 0.5
-5 St ~F 04
=03 =03
3 3
< 02 SE < 02
0.1 g 0.1
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
y/o y/8

Figure 8. Profiles of Reynolds shear stress over single- and multi-scale riblet surfaces in the near-wall
region at (a) s* =20.6 and (b) s* = 44.2.

To reveal the impacts of multi-scale riblet surface in modulating the near-wall tur-
bulence structures, the streamwise and wall-normal velocity fluctuation intensities, {1'?)
and (v'?), normalized by u+g, are presented in Figure 9. Here, () denotes the time average.
Overall, the multi-scale riblet surface produces lower wall-normal velocity fluctuations
at the vicinity of the riblet tip at both s values within /6 < 0.04. Considering that the
intensity of the wall-normal velocity fluctuation is correlated with the streamwise vor-
tices, the reduction in (v'?) indicates that the multi-scale riblet mitigates the formation of
near-wall streamwise vortices. Meanwhile, the multi-scale riblet surface leads to stronger
streamwise velocity fluctuations within the DR region at s* = 20.6, whereas this discrepancy
diminishes in the DI region at s* = 44.2. The reduction in the difference of (1?) between
the two riblet surfaces in the DI region leads to the predominance of (v?) in influencing
the Reynolds shear stress, which corresponds to the decreased near-wall —(u'v’) over the
multi-scale riblet surface observed in Figure 8b. It is worth noting that at s* = 20.6, the pro-
files of (u"?) over both riblet surfaces reach the local maximum at y/é ~ 0.05, whereas (u'?)
exhibits a monotonic decrease with a wall-normal distance at s* = 44.2. This is attributed
to the variation of u,, which results in different ranges of y* within the investigated flow
field. Specifically, at s* = 20.6, the local maximum of (u'?) occurs at y* = 15; this phe-
nomenon agrees well with the observations from previous studies that the streamwise
velocity fluctuation intensity reaches the maximum in a range of 10 < y* <20 [22,27,33,39].
However, when s* increases to 44.2, the minimum y* from the FOV reaches 17, and the
local maximum of (u'?) is expected to occur at a smaller wall-normal distance from the
virtual origin, which is beyond the FOV of this PIV measurement.
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Figure 9. (a) Profiles of normalized streamwise velocity fluctuations over two riblet surfaces at
s* =20.6; (b) same as (a) at s* = 44.2; (c) profiles of normalized wall-normal velocity fluctuations over
two riblet surfaces at s™ = 20.6; (d) same as (c) at s* = 44.2.

Quadrant analysis serves as a valuable tool to further discern the magnitude and
correlation between velocity fluctuations in the streamwise and wall-normal components.
The delineation into four quadrants—Q1 (1’ > 0 and v’ > 0), Q2 (1’ < 0 and v’ > 0), Q3
(u' <0and v’ < 0), and Q4 (1’ > 0 and v’ < 0)—offers insights into distinct fluid motions
based on the direction of their respective fluctuations. Particularly, quadrants Q2 and
Q4 provide crucial indications of ejection and sweep events, which are instrumental in
identifying turbulent structures such as hairpin vortices within a turbulent boundary layer.
The identification of these quadrants involves conditional averaging of Reynolds stress
normalized by the shear velocity of the smooth surface, as illustrated in Figure 10.
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Figure 10. Amplitude of normalized Reynolds shear stress at each quadrant at (a) s* = 20.6 and
(b) s* =44.2.

The drag-reducing scenario (s* = 20.6) for both single- and multi-scale riblets, as de-
picted in Figure 10a, reveals that the sweep event dominates in the near-wall region
(y/6 5 0.05), whereas the ejection event surpasses the sweeping event with the further
growth of the wall distance. This observation aligns with findings by Wallace et al. [61],
where it was demonstrated that the contributions of the ejection phenomenon exert a
more pronounced influence on Reynolds shear stress at a sufficiently high wall-normal
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distance within the TBL flow. In general, at the near-wall region where the sweeping
event dominates, the multi-scale riblet leads to higher sweeping events. This phenomenon
is also reflected via the joint Probability Density Function (PDF) distribution of u’ and
v" at y/6 = 0.028 in Figure 11a, where the multi-scale riblet surface produces a more dis-
persed distribution of #’ in Q4 compared to the single-scale riblet counterpart. Meanwhile,
the multi-scale riblet surface produces slightly lower ejection events, which corresponds
to its slightly more concentrated distribution of v’ in Q2, especially for the area of 0.05%
probability contour.
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Figure 11. The normalized joint probability density function distribution of streamwise and wall-
normal velocity fluctuations at /5 = 0.028 at (a) s* = 20.6 and (b) s* = 44.2.

The evolution of Reynolds shear stresses along wall-normal distances in each quadrant
exhibits an analogous trend to those observed in the DR region when s* increases to 44.2,
as shown in Figure 10b. However, the multi-scale riblet surface mitigates the magnitude
of both sweep and ejection events, especially in the near-wall region where the sweep
event dominates (see subplot of Figure 10b). As shown in the joint PDF of near-wall
velocity fluctuations in Figure 11b, the multi-scale riblet results in similar distributions of
streamwise velocity fluctuations u’ but a slightly more concentrated distribution of v’ in
both the v’ > 0 and v’ < 0 regions when compared to the single-scale counterpart. This leads
to smaller magnitudes of [u'v’| in both Q2 and Q4 and corresponds to the observed lower
Reynolds shear stress (Figure 8) and friction drag (Figure 4) in the DI region.

Finally, to understand the impacts of multi-scale riblets in modulating near-wall turbu-
lent flow dynamics at different scales, the streamwise velocity fluctuations are analyzed in
the frequency domain. Figure 12 shows the representative spectra of streamwise velocity at
y/6 = 0.026 over both riblet surfaces, where f* = fs/u is the non-dimensional frequency.
For both DR and DI cases, the power spectra of the single-scale riblet surface are higher in
the low frequency domain, which indicates stronger large-scale turbulence structures in the
near-wall region. With the growth of f*, the difference in velocity power spectra between
two riblet surfaces starts to diminish, and their energy cascade decay exhibits similar trends
at a high frequency domain. To further illustrate the influence of the secondary riblet
structure on small-scale flow velocity fluctuations, the integrated energy was calculated in
a form of

2= [ e @

where @ is the power spectra of streamwise velocity fluctuations. For both the DR and
DI cases, the existence of the secondary riblet blade significantly influences the growth
of o2(f) as shown in Figure 13. In general, a noticeable reduction in ¢2(f) in the low-
frequency region is observed over the multi-scale riblet surface regardless of whether it is
within the DR or DI cases, which corresponds to the smaller ®(f) observed in Figure 12.
However, in the high-frequency region, the multi-scale riblet surface exhibits different roles
in modulating turbulent flows between DR and DI cases. Specifically, for the DR case ats* =
20.6, 02(f) over the multi-scale riblet surface surpasses that of the single-scale counterpart
at f* » 0.4, whereas for the DI case at s* = 44.2, the 02(f) over both surfaces exhibits
minor discrepancies in this frequency region. Close inspection of the difference between
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the integrated energy across the frequency domain in Figure 14, AcZ(f) = 02, ..(f) -

2

Ty single (f), demonstrates that Ac2( f) shifts from negative to positive with the growth of

f* for the DR case (Figure 14a) but remains close to 0 in the high-frequency domain when
s* increases to the DI region (Figure 14b). This result indicates that the multi-scale riblets
can better suppress near-wall small-scale turbulence structures in the DI cases than in the
DR cases, which corresponds to its stronger drag reduction effectiveness compared to the
single-scale counterpart in the high s* region.
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Figure 12. Spectra of near-wall streamwise velocity fluctuations at (a) s* = 20.6 and (b) s* = 44.2.
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Figure 13. Integrated streamwise velocity spectra o ( f) over single- and multi-scale riblet surfaces at
different heights at (a) s™ = 20.6 and (b) s* = 44.2.
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Figure 14. Difference between the integrated energy over two riblet surfaces Ac2(f) = Uimulﬁ( f)-
T single(f) at (@) s™ = 20.6 and (b) ™ = 44.2.

u
4. Limitations

The experimental measurements with a PIV system at two scales in this work enabled
the quantification of flow dynamics through the turbulent boundary layer and the achieve-
ment of high-resolution measurements in the near-wall regions. Due to the influence of
the laser light reflection and blocking of the riblet blade on the FOV below riblet tips,
the flow dynamics close to the virtual origin within the riblet valley was not captured.
Meanwhile, the frequency of flow velocity measurement at 60 Hz limited the quantification
of very small-scale turbulent vortex dynamics induced by riblet structures. This limita-
tion will be addressed in future studies with the usage of hotwire anemometry in wind
tunnel experiments.
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5. Conclusions

The study provides new experimental evidence for the influence of multi-scale riblet
structures in modulating surface drag reduction effectiveness and turbulent boundary layer
flow dynamics within both the logarithmic layer and near-wall regions across different
non-dimensional riblet spacings. In the drag-reducing case with a non-dimensional riblet
spacing of s* = 20.6, both riblet surfaces exhibit a similar reduction in skin friction of
approximately 5%. However, in the drag-increasing case (s* = 44.2), the multi-scale riblet
structure generates 9% fewer uniform momentum zones within the turbulent boundary
layer, resulting in an approximately 10% reduction in friction drag compared to the single-
scale riblet surface. This finding highlights the capacity of multi-scale riblets in mitigating
velocity shears within TBL and achieving improved flow control performance under high
non-dimensional riblet spacing conditions. Close inspection of the near-wall flow dynamics
reveals that in the drag-increasing case, the multi-scale riblet surface mitigates the intensity
of wall-normal velocity fluctuations, which leads to a smaller Reynolds shear stress and,
therefore, a smaller friction drag in comparison to the single-scale riblet counterpart. The
quadrant analysis of flow dynamics indicates that for the drag-increasing case, the multi-
scale riblet surface suppresses both the sweep and ejection events near the riblet surface.
Overall, the drag reduction ratio over the multi-scale riblet surface is well quantified by
the modified non-dimensional riblet size l;i proposed by Endrikat et al. [53] from Direct
Numerical Simulations, which exhibits a good consistency with previous studies over
single-scale riblet surfaces. This study demonstrates the potential of multi-scale riblet
surfaces in reducing friction drag at a high s* region when compared to the single-scale
counterpart, which provides insights for enhancing the aerodynamic performance of wind
turbine blades with passive flow control approaches. Future investigations will focus on
systematic studies on the impact of multi-scale riblet structure geometries on turbulent
boundary layer flow dynamics and drag reduction effectiveness.
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