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Abstract

We developed a dedicated, high-resolution skin-friction balance in a water tunnel to measure
turbulent drag reduction over micro-grate-patterned superhydrophobic (SHPO) surfaces at the Reynolds
number Re; ranging from 4.1 x 10° to 6.9 x 10°, and achieved a significant drag reduction of up to 46%.
The correlation between drag reduction and surface topology was investigated. By considering air
fraction, micro-grate gap, and meniscus curvature, an empirical scaling for drag reduction was proposed,
which reconciles the widely scattered drag reduction data in literature. This scaling law could provide
a valuable guidance on future design of effective SHPO surfaces for real-world applications. The scaling
of the logarithmic layer was also analyzed under the condition that the outer layer has not fully adapted
to the SHPO wall manipulation, a common occurrence in experiments due to the limited length of
fabricated SHPO surfaces. The slope of the logarithmic layer was found to increase with the drag
reduction. Moreover, a theoretical expression describing the slope and up-shifting level of the
logarithmic profile was proposed. These results are insightful, providing a new perspective for

researchers to examine their velocity profile and drag reduction data in turbulent boundary layers.
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1. Introduction

Scientists and engineers have taken continuous efforts in past decades to develop techniques for
reducing skin-friction drag in multifarious fields of engineering, such as pipelines, ships, underwater
vehicles, and micro-fluidic devices. Recent active drag reduction studies using plasma actuations',
periodic slit blowing?, spanwise wall oscillation® and surface perturbation via piezoelectric
actuators* have achieved a great success. From the practical point of view, the passive means by
surface modification may be more appealing since it requires no gas supply or energy input’. One
of the most attractive techniques is the use of superhydrophobic (SHPO) surfaces®’, which are
obtained by fabricating micro/nano textures on a substrate surface®. When the SHPO surface is
submerged in water flow, air pockets can be entrapped inside the micro-grooves®!?, forming
plastrons that prevent direct fluid-solid contact and hence leading to drag reduction. This technique
has received increasing attention with various surface patterns being investigated, including grates''™™
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13 posts or cones'#!6, triangular grooves'’'°, and random surface structures?*>>. Moreover, some

approaches have been developed to enhance the stability of plastrons on the SHPO surfaces’.
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Examples include hierarchical or re-entrant structures chemical or electrochemical air

27,28 29,30

regeneration”’~°, air bubble injection and surface plastron replenishment?!.

For laminar boundary layers, it has been well established that the drag reduction mechanism of
SHPO surfaces is primarily due to the liquid slipping over the shear-free liquid-air interface’>%,
whereas for turbulent boundary layers (TBL), drag reduction is due to the combined effect of the
slipping and the attenuation of turbulent flow structures**33, Among different surface topologies
such as random roughness, posts and grates, the streamwise-aligned grate is perhaps the most
effective in reducing skin-friction drag!!'~'3. Table 1 summarizes existing experimental studies using
streamwise micro-grates in water channels/tunnels, towing tanks, and open water. In a channel flow
with SHPO surfaces, Daniello et al.’® obtained, based on particle image velocimetry (PIV)
measurements, a maximum drag reduction of approximately DR = 27% with an air fraction f, = 50%
(here, DR is defined as the ratio of the drag decrease using SHPO surfaces to the drag of a baseline
smooth surface under the same flow condition. f; = g/p is defined as the ratio of the air-water
interface area to the overall projected area of the SHPO surface, where g and p are the gap and pitch
between two neighboring grates, respectively). However, using a much larger air fraction of f, =

80%, Woolford et al.’” only achieved a DR of 11%. In a water-tunnel experiment with f; = 95%,
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Park et al.'! attained a much larger DR of 75%. But in Xu et al.’s'® towing-tank tests, the obtained

DR was only 27%, albeit with a comparable f. of 90%.

Table 1. Summary of experimental studies on turbulent drag reduction using streamwise-micro-grated SHPO

surfaces.
Researchers Flow type Re: fa g; Measurement  DRpyax
Daniello ef al.3° Channel flow 110 — 260 50% 0.8-2 PIV 25%
Woolford et al.’’  Channel flow 100 — 160 80% 13-22 PIV 11%
Park et al.!! Water tunnel 250 30%-95% 03-19 FSD 75%
Xu et al.'? Open water 2000 —6000 90% 5-30 FSD 38%
Xu et al.’? Towing tank 2000 — 6000 90% 32-93 FSD 27%

Note: The friction Reynolds number Re: is calculated by u.H/2v and u.0s/v for the channel flow and TBL,
respectively, where u: is friction velocity, v is kinematic viscosity, H is the channel height, and J5 is boundary
layer thickness. FSD denotes the friction measurement based on detecting the floating surface displacement
under shear stress. The DRuax denotes the achieved maximum drag reduction.

The dependence of turbulent drag reduction on the topology of micro-grated SHPO surfaces has
also been studied. Daniello ef al.3® experimentally investigated the effect of gg on DR in a channel
flow at the Reynolds number Ren, based on the channel height and the mean flow velocity, ranging

“** indicates normalization by the friction velocity

from 3000 to 9500 (in this paper, the superscript
u, and/or the viscous length scale d,, and the subscript ‘0’ denotes quantities measured over the
baseline smooth surface). They found that DR initially grew with gg and then was saturated at
about 27% when g; exceeded 1.2. However, Xu et al.!> observed in towing-tank experiments a
continuous rise in DR from 18% to 27% with gg increasing from 4 to 10. In their open-water test
using a SHPO surface with g = 90 um and p = 100 pm, Xu et al.'? found that DR retained nearly
unchanged at about 30% at gg ranging from 12 to 25. However, there are very few experimental
studies on the effect of f, on the drag reduction’. Regarding the effect of f,, Park et al.!!
experimentally indicated an exponential increase in DR from 3% to 75% with f increasing from 30%
to 75%. However, this differs from the approximately linear relationship as observed in Park et

238

al.’s”® numerical study.

Past studies’>’

have identified two important geometrical parameters governing the drag
reduction, i.e., fo and g;. Nevertheless, the reported dependence of DR on f, and gg varies greatly’.
For instance!!"133%37 a5 revealed in Table 1, DR scatters between 14% and 30% given nearly the

same parameters of f; = 50% and gg ~ 1, and between 11% and 65% for f, = 90% and g; =2.
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Such large variations cannot be simply ascribed to the differences in experimental conditions such
as measurement settings, Reynolds number and possible loss of plastron on their SHPO surfaces.
Some questions are therefore raised: Is using f, and gg adequate to achieve a good correlation
between the drag reduction and the surface topology? Are there any other factors, such as the water
pressure on SHPO surfaces and the resultant deformation of the air-water interface, that should be
taken into consideration? Furthermore, could we obtain a scaling law that can deduce drag reduction
from flow conditions and surface topologies?

In addition to drag reduction, numerous experimental and numerical investigations on TBL over
SHPO surfaces have also revealed an upward shift of the mean velocity profile from that over a
smooth surface (e.g., Refs. 14, 15, 29, 35). In most of these studies, the slope of the up-shifted
velocity profile in the logarithmic layer over the SHPO surface, scaled by its own inner units, was
assumed unchanged. For instance, in their direct numerical simulation (DNS) study on the
logarithmic layer scaling over micro-grated SHPO surfaces, Martell er al.'* claimed that the
logarithmic profile was characterized by the same slope as that over the smooth surface, but was
offset by the magnitude of the slip velocity Uy . In Zhang et al.’s* and Li er al.’s>> water-tunnel
experiments using SHPO surfaces with random roughness, they stated that the slope of the lifted
logarithmic profile over the SHPO surface retained unchanged from that over the smooth surface,
and the offset of the logarithmic profile may be affected by the magnitude of DR. However, this
assumption may be questionable if the longitudinal length of SHPO surface is not sufficiently large,
so that the outer layer has not reached a new equilibrium with the wall manipulation. This is
supported by Ling er al.’s*' water-tunnel study on drag reduction using randomly textured SHPO
surfaces based on high-resolution PIV measurements, in which a substantial DR of 27% was
achieved. It was observed that, at a downstream location of approximately 13 times boundary layer
thickness from the beginning of the SHPO surface, the profiles of viscous shear stress over the
baseline smooth and the SHPO surfaces collapsed in the outer layer. They therefore presumed that
this non-equilibrium condition may influence the slope of the logarithmic profile.

Nevertheless, there are very few experimental or numerical studies in which the SHPO surface
is documented to be long enough to capture the equilibrium condition, and the relationship between
the slope of the logarithmic profile and the drag reduction has yet to be established. Therefore, this

work sets out to address this issue by obtaining a theoretical expression describing the logarithmic
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profile scaling over SHPO surfaces. The findings from the present study could be important in two
aspects. First, research groups working on the drag reduction of SHPO surfaces can compare their
velocity data with our proposed theory and evaluate to what extent the outer layer has been affected
by the wall manipulation. Second, fitting the logarithmic profile has been a widely used method in

294041 "and hence the present results are valuable for

estimating the drag reduction of SHPO surfaces
researchers to predict drag reduction from their logarithmic profile data.

To facilitate the present study, an in-house, high-resolution skin-friction balance is developed
for direct measurement of small TBL drag reductions over streamwise-micro-grated SHPO surfaces,
such that reasonably accurate data can be obtained for the validation of relevant theoretical models
and numerical simulations. Experimental details are given in §2. The results are presented in §3,

including the baseline flow characteristics, the drag reductions and associated scaling law of SHPO

surfaces, along with the analysis on the logarithmic scaling changes. This work is concluded in §4.

2. Experimental details
2.1. SHPO surface fabrication

The SHPO surface was textured with an array of micro-grates on an 80 mm x 80 mm X 7 mm
flat cyclic olefin copolymer (Topas COC 8007S-04) sheet using the ultra-precision machining
technique. This streamwise length (80 mm) is four times that (20 mm) used in Park et al.!', and
appreciably longer than that (70 mm) in Xu et al."3. Plastic injection molding was used to prepare
the COC sheet. Then, single-point diamond turning using a Nanoform 200 machine was employed
to cut the surface at the same level. After this process, the surface roughness was measured to be
within 1 pm. A Moore Nanotech 350FG 4-axis Ultra-precision Machine was applied to fabricate
micro-grates on the flat sheet. A single crystal diamond facet cutting tool was used in the machining
process. Different tool tip widths (w;), ranging from 10 to 30 pm, were utilized in fabricating
different micro-grate geometries. The unidirectional retreat method was deployed to generate the
micro-grated surface by tool path planning, as illustrated in Fig. 1(a). The grate cutting was launched
at the start point, and advanced spanning the surface along the grate direction, i.e., the feed direction.
Then, the cutting tool retreated to the start point, but shifted perpendicularly to the feed direction,
referred to as the raster direction, in which the shift distance was determined by the designed grate

spacing. After that, the next cycle of grate machining started. Four steps of cutting, with each step
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at a specific value of cutting depth, were employed in generating the grates on the whole surface
(Fig. 1b). The depth of the first three cutting steps was 12 pm, and that of the finish-cut was 6.3 pm.
After generating the grates, horizontal cutting with a depth of 5 pm was performed at the top of the

ridges to ensure a flat top surface.
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Fig. 1. (a) Schematic of cutting tool path design of fabricating the micro-grated surface. (b) Cutting steps in
the cutting strategy. (c) White light interferometer image of the SHPO* surface topology.

There are a relatively small number of experimental studies on turbulent drag reduction using
micro-grated SHPO surfaces!'! %37 which is probably due to the difficulty in fabricating organized
surface structures. In most of these studies, the micro-grated SHPO surfaces were fabricated using
the conventional photolithography technique. However, this approach is normally associated with
long manufacturing duration, complexity of its realization, and only suitable to the materials related
to silicon. In the present study, the micro-grates on SHPO surfaces were fabricated using the ultra-
precision machining technique, which requires no complex chemical reaction and can be applied to
various materials including plastics, semiconductors, ceramics and optical glasses. By changing the

size of the single crystal diamond facet cutting tool and the tool path planning, as illustrated in Fig.
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1, different micro-grate geometries can be manufactured and with a relatively high form accuracy
of approximately 1 um.

The selection of micro-grate geometries is based on the following considerations. In their water-
channel experiments using a micro-grated SHPO surface with p = 60 um and g = 30 um, Daniello

1.3 observed based on PIV measurements that DR initially climbed rapidly from 10% to 27%

eta
when g; was increased from 0.8 to 1.2. Beyond g; = 1.2, there was nearly no further
improvement in DR. This observation suggests that g; should at least approach 1.2 in order to
achieve a tangible drag reduction. In the present study, the smooth surface viscous length d,o was
measured to be from 39.1 to 63.1 um at the tested Reynolds number Rez ranging in (4.1 —6.9) x 10°.
As such, g; = 1.2 corresponds to g = 46.9 — 75.7 um. Nevertheless, an excessively large g may
impair the stability of the air-water interface and cause an easy escape of air’. Indeed, in present
water-tunnel tests, it was observed that, if g exceeded 70 um, the plastron on the SHPO surface
depleted relatively quickly within about 10 min. Thus, three different g values, i.e., 20, 30 and 50
um were selected, with the air fraction f, ranging from 30% to 50%. Four different SHPO surface
samples were manufactured, denoted as SHPO*!, SHPO*?, SHPO** and SHPO™, with pitches of p
=60, 100, 60 and 100 pm, grate top widths of w = 30, 50, 40 and 70 pm, resulting in air fractions of
Ja=(p-w)/p=50%, 50%, 33% and 30%, respectively. The grate heights d of the four surface samples
are fixed at 37 um. Table 2 summarizes the geometrical parameters for these SHPO surfaces. The
topology of surface structures of one typical surface sample (SHPO*?) measured by a white light
interferometer (Zygo Nexview) is shown in Fig. 1(c), presenting sharp top edges of the micro-grate.
In addition, a smooth surface of the same size was made using the same material, serving as the
baseline surface for comparison purpose. Measurements of the contact angles on these surfaces
revealed that the smooth surface has a static contact angle of 94°, whereas the four SHPO surfaces
have almost the same static contact angle of 152°, indicating good hydrophobic properties.

Table 2. Geometrical parameters of the four SHPO surfaces.

Surface samples p (um) w (um) g (um) fa d (um)
SHPO™ 60 30 30 50% 37
SHPO* 100 50 50 50% 37
SHPO" 60 40 20 33% 37
SHPO* 100 70 30 30% 37
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2.2. Experimental setup
2.2.1. Friction drag measurements

Experiments were conducted in a closed-loop water tunnel with a test section of 2.4 m (length)
% 0.3 m (width) x 0.6 m (height). Two optical glass windows of 0.86 m (length) x 0.4 m (height) x
0.03 m (thickness), aligned one behind the other in the streamwise direction, were embedded in the
water tunnel side wall to facilitate optical observations and measurements. Drag reduction tests were
performed at water flow velocity U = 0.33 — 0.55 m/s. Within this U range, the non-uniformity of
the streamwise velocity was about 0.1%, and the freestream streamwise turbulence intensity was

less than 1.2%.

Surface friciton balance

Rigid frame fixed
onto ground

Water
shield
Water flow N ___% Test surface
,,,,,,,,,,,,,,,,,,,,, Water tunnel wall
ﬁ U, /

Tripping strip (Side view)

Test surface

I60| (Bottom view) ’
1220 80 500 1

290

Fig. 2. Schematic of experimental setup in water tunnel test section. The length unit is mm.

Figure 2 schematically illustrates the experimental setup. A flat plate of 1.8 m (length) x 0.29
m (width) x 0.02 m (thickness) was suspended horizontally in the test section by a ground-fixed
rigid frame. The leading edge of the plate was made a clipper-built curve to minimize flow separation.
Two arrays of cylindrical roughness elements arranged in the spanwise direction were placed 0.16

m downstream from the plate’s leading edge to trip the boundary layer into turbulence. A square
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hole of 80.4 mm x 80.4 mm was cut in the plate to accommodate the test surfaces, with its center
located 1.26 m downstream from the plate’s leading edge. The Reynolds number Re; (based on the
distance from the plate’s leading edge to the center of test surface) ranges from 4.1 x 103 to 6.9 x
103, corresponding to Rex (based on ux and dz0) from 560 to 810. The water level was kept 40 mm
above the lower surface of the flat plate throughout the tests. A right-handed Cartesian coordinate
system (x, y, z) is defined as shown in Fig. 2, with its origin o located at the middle of the leading
edge of the test surface, the x axis along the freestream direction, and the z axis pointing downward.

The drag on the SHPO surface was directly measured using an in-house, high-resolution skin-
friction balance (Fig. 3a), which has been successfully deployed in a wind tunnel for surface friction
measurement*?. In contrast, the commonly used indirect measurement method by evaluating the skin
friction from the PIV-measured velocity profiles usually suffers from limited spatial resolution and
laser reflection on walls**. The working principle of this balance is depicted in Fig. 3(b). A vertical
frame sat on a pair of knife edges which were mounted on a ground-fixed rigid frame to preclude
the influence of tunnel vibration on the measurements. The vertical frame was enclosed in a sealed
compartment, and thereby it was not subject to any hydrodynamic force. The test surface was
installed at the lower end of the vertical frame and placed right in the square hole of the plate, flush
with the plate’s lower surface. The gap between each edge of the test surface and the respective edge
of the square hole was approximately 0.2 mm. The upper end of the vertical frame was connected
with a horizontal bar. A sliding block, which sat on the horizontal bar, connected with a load cell
(ATI Nano43) through an adjustable vertical rod, and thereby the horizontal arm /, (i.e., the
horizontal distance between the knife edges and the sliding block) can be adjusted. In this study, the
ratio of the horizontal arm /; to the vertical arm /, (i.e., the vertical distance between the knife edges
and the test surface) was fixed at 10.5, defining a gain factor by which the load-cell readings are
amplified. To preload the load cell in its normal working range, two balancing weights were used.
With this balance, the skin-friction drag on the test surface is determined by Fp = F:li/l,, where F:
is the force read by the load cell. The friction drag coefficient is evaluated by Cy=2Fp/pUZ2A, where
p is the water density and A is the surface area. The drag reduction is then quantified using the
normalized change in drag coefficient, i.e., DR = (Cp — Cy)/Cp. Since the load cell has a sensitivity
of about 10" N, and reads loads (i.e., the skin-friction drag magnified through the gain factor) of the

order 102 N, its measurement resolution is approximately 1%.
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Fig. 3. (a) Photograph of the skin-friction balance in water tunnel tests. (b) Illustration of the friction balance
system.

The skin-friction balance was calibrated in situ after mounting the test surfaces in the water
tunnel. A calibrating device was built to produce a small well-defined force (Fig. 4a). Operating on
a similar principle as the balance, this device consists of a knife edge, horizontal and vertical bars,
and a hook on the horizontal bar to attach calibrated loads. As such, when a downward load Gi, was
applied to the hook at the position W, it was translated to a load Gou exerting on the test surface in
the direction parallel to the surface. Its magnitude can be calculated by Ginlp/ln, where [, and [, are
the arms for G, and Gous, respectively. The deflection of the test surface under G,.: was negligible,
and therefore the arms of the balance (/, and /) and of the calibrating device (/, and /,) retained the
same throughout the calibration process. Figure 4(b) displays the calibration curve of the balance,
which shows perfect linearity between the output loads read from the balance and the input loads.
The slope of the fit line determined from the least-squares fitting is about 10.5, equaling the pre-set
gain factor of the balance. The root mean square (RMS) of deviations of the output data from the
fitted line is very small, only approximately 0.04 g, which is less than 0.1% of the full output load.
Before each test run, which requires a separate assembly of the test setup, the skin-friction balance
was calibrated. The calibration was performed before filling the water tunnel, after which the
measurement was carried out.

Since the force signal from the load cell was sensitive to ambient temperature, the room
temperature was maintained at 296 K throughout the experiments using air conditioners in the
laboratory. After switching on the air conditioners and setting the control panel, the room
temperature will reach this temperature and maintain stable after about one hour. During the tests,

10



AlIP
Publishing

£

one thermometer was also used to monitor the room temperature. The load cell signal was acquired
at a sampling frequency of 1 kHz with four steps. Firstly, signal recording was initiated before
starting the water flow (U = 0). In this step, the sampling duration was 20 s, and the acquired data
were averaged and referred to as the baseline load cell signal. Secondly, with the data acquisition
continuing, the water tunnel pump was switched on to obtain the desired Us. This step was normally
completed in 60 s. After that, the U, was maintained at the steady state for an additional 100 s,
resulting in a cumulative signal sampling time of 180 s. The data acquired in the last 20 s in this step
were averaged and denoted as the load cell signal under this particular Us. Then, the friction drag
was calculated based on F:, which was determined by the change in the load cell signal from the
baseline. Finally, the water speed was decreased to zero, which took about 200 s. Data acquisition
was performed in the still water for 20 s, and the acquired data were compared with the baseline
signal to make sure the data were consistent throughout the test. At least three testing runs were

performed for each test configuration.

@ o
Vertical frame 50
: ¢ of the balance
Flat plate N L~ 0
,,,,, =
Test surface T:’ 30
a
2 20
Weight R o
Precision motiof La}lk?ra{ed load 10
platform Rigid frame
0 . :
0 1 2 3 4

Water ténncl wall
Input (g)

Fig. 4. (a) Schematic of the calibration device. (b) The calibration curve of the balance. The solid line is the
least-squares fit to the measured output over input range from 1 gto 4 g.

The air layer over SHPO surfaces was monitored using a camera to ensure that the plastron
remained complete on the SHPO surfaces during the measurements. A light-emitting diode (LED)
beam generated from a 10 W white LED light source was used outside the tunnel. The centerline of
the beam was fixed in the (y, z) plane at x = 0 with an incidence angle of 45°. The beam was reflected
at the air-water interface, and then captured by the camera placed beneath the transparent water-
tunnel bottom wall, resulting in bright strips in the captured photographs. As shown in Figs. 5(a) and

5(b), the air plastron on the SHPO*! surface is characterized by the region with a bright color, in
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contrast with the case when the surface is fully wetted and the bright region disappears (Fig. 5c).
The close-up in Fig. 5(b) clearly shows longitudinally aligned silver stipes, which are apparently
associated with the air pocket trapped inside the grates. Similar observations have also been made
for the other three SHPO surfaces. The plastron was observed to retain intact for at least 20 min in

all the drag reduction test cases, longer than needed (about 5 min) to complete the tests.

(a) (b)

Air layer on SHPO surface

Horizontally placed flat
plate in water tunnel

Wetted SHPO
surface

Fig. 5. Photographs of (a) plastron on the SHPO*! surface and (c) fully wetted SHPO™' surface. (b) is a zoom
of (a) in the central region of the surface. Flow is from left to right at Re; = 4.1 x 10°.

It is worth mentioning that, when the SHPO surfaces are submerged in water flow during the
tests, the micro-grates are rigid enough to avoid structural deformation or elimination when
subjected to wall shear stress. Moreover, there is nearly no dissolution or chemical reaction for the
COC material in water. The structural stability of the micro-grates has also been verified based on
microscope measurements after each test, in which the micro-grate geometry was observed to remain
unchanged.

2.2.2. PIV measurements

A Dantec two-dimensional time-resolved PIV system was used to measure the boundary layer

in the y = 0 plane. The flow was seeded with Dantec Dynamics polyamide seeding particles with a

mean diameter of 5 pm. Flow illumination was provided by a ReyPower 10 W continuous laser
12
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source of 532 nm in wavelength. The laser sheet was about 1 mm thick. A high-speed camera
(Photron FastCam UX100, with a resolution of 1280 x 1024 pixels) with a Micro-Nikkor 200 mm
lens was used to capture particle images. At U = 0.33 m/s, the PIV image covered an area of x;j =
492 — 1078 and z =0 - 713. The image magnifications in both directions of this (x, z) plane were
identical, about 39 pum/pixel. The images were captured in single-frame mode at a frequency of 1
kHz, leading to a time separation of 1 ms, during which the seeding particles may travel a distance
of 0.33 mm, corresponding to about 9 pixels. In processing PIV images, the adaptive PIV method
(Dynamic Studio software) was used with a minimum interrogation area size of 16 x 16 pixels and
a maximum size of 32 x 32 pixels, and the grid step size of 8 x 8 pixels, producing 118 x 144 in-
plane velocity vectors with a spacing of 0.29 mm (about 4.60.0). The instantaneous velocity
components in the x and z directions are designated as U and ¥, which can be decomposed as U =
U +uand V=V + v, respectively, where the overbar denotes time-averaging, and u and v are
the fluctuating velocity components. A total of 4000 images were captured for each case.
Following Refs. (44 — 47), a method based on image matching analysis was used to determine
the PIV measurement uncertainty. This approach identifies particle image pairs in two successive
exposures according to the measured displacement vectors, and evaluates the residual distance or
particle disparity between the particle image pairs, which dictates the uncertainty of velocity

measurements. Further details of this technique can be found in Sciacchitano et al.*’

. The seeding
densities in the captured PIV images were about 10 particles per interrogation window. The RMS
value of the disparity was found, based on the Dynamic Studio software, to be about 0.1 pixel in
both x and z directions, resulting in the uncertainties, ¢y and ey, in U and W of 1%Ux, respectively.
It has been confirmed that the region affected by the laser light reflection in the captured images was

within a distance of 2 ~ 0.5 mm or A¢ ~ 8 from the test surface. The affected region was masked

with a black color to eliminate its influence during processing the PIV images*®.

3. Results and discussion
Drag reductions of the four SHPO surface samples are investigated based on skin-friction
balance measurements, with which an empirical scaling is proposed. Then, the scaling of PIV-

measured mean velocity profiles on these surfaces is discussed.
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3.1. Drag reduction of SHPO surfaces

Figure 6 compares the measured friction drag coefficients and drag reductions for the smooth
and four SHPO surfaces at Re:y from 560 to 810 (Re; from 4.1 x 10° to 6.9 x 10°). The resulting
TBL characteristic parameters at a selected Reynolds number Rez = 4.1 x 103 are listed in Table 3,
including Js, v, u:, Cr and wall shear stress 7. The friction drag on the smooth surface is first
examined to assess the accuracy of the skin-friction balance tests. Cp exhibits a slight decrease from
0.0047 t0 0.0044 as Re; increases from 4.1 x 10° t0 6.9 x 10° (Fig. 6a). The measured drag coefficient
is also compared with the empirical correlation for TBL suggested by White®, i.e.,

0.455

= 3.1
1n?(0.06Re,) SR

0

where Re: is the Reynolds number based on the distance from the leading edge of the plate. Here,
we approximate Rex by Rer in estimating Cp since the length of the test surface (0.08 m) is only
about 6% of L. It can be seen that the measured drag and its variation agree well with the prediction
by Eq. (3.1). The deviation of the measured data from the prediction is approximately 2% — 6% for
different Rer. The error bars shown in Fig. 6(a) describe the uncertainty of drag coefficients, defined
as |Cyp — Cp|, where the double overbar denotes the average over three independent test runs*43%,

and is estimated to be between 2.3% and 5.1%.

Table 3. TBL flow parameters over baseline and SHPO surfaces at U = 0.33 (Re, =4.1 x 10°).

Samples dp(mm)  wu.(ms') I (um) Re: Tw(kgm's?) Cr

Smooth 35.6 0.0160 63.1 564 0.256 0.0047
SHPO"! 377 0.0122 825 455 0.149 0.0027
SHPO* 373 0.0130 77.7 480 0.169 0.0031
SHPO™ 36.6 0.0142 71.1 515 0.202 0.0037
SHPO™ 36.4 0.0148 68.4 533 0.219 0.0040

All the four SHPO surfaces can significantly reduce the skin-friction drag, though the extent of
drag reduction varies (Fig. 6b). The SHPO*! surface generates the largest DR, from 41% to 46% as
Rer increases from 560 to 810. The trend of variation in DR is consistent with Xu et al.’s'
observation in towing-tank experiments using a micro-grated SHPO surface with f; = 90%. They
found that DR increased from 19% to 27% at Rez from 2500 to 4400, and ascribed the DR increase
to the growing gg from 5 to 10. It is therefore plausible that the growing DR with Rey for the

SHPO*! surface may be connected to the increased gg, which varies from 0.5 to 0.8. It is worth
14
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mentioning that the currently obtained drag reductions fall in the upper range of values reported in
literature in TBL flows”, supporting that streamwise micro-grates may be more effective in
reducing the friction drag as compared with other surface topologies'>. For instance, Henoch ez al.”!

achieved a maximum DR of about 20% with a micro-post-patterned surface. Other studies using

random structures obtained maximum DR ranging from 10% to 36% (e.g., Refs. 21, 35, 40, 52).
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Fig. 6. Dependence of (a) Crand (b) DR on Re: and Rey, for the test surfaces. The uncertainty bars of Crand
DR are given by |Cf— EA and |Cf— Ef| /§7 respectively. The dashed line is the prediction from an

Rey

equation of Cip = 0.455/In%(0.06Re.) for a smooth surface in TBL*.
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With the same air fraction (i.e., fo = 50%) but a larger grate pitch (increased from p = 60 um to
100 pm), the SHPO®? surface produces appreciably lower DR, ranging from 33% to 37%, at the
same Req range. If f, further reduces to 30% — 33%, SHPO** and SHPO™ surfaces result in relatively
moderate DR of 21% — 24% and 16% —20%, respectively, which are considerably smaller than those
(33% — 46%) produced by SHPO! and SHPO*? surfaces.

The shape of air-water interface or meniscus in the grate gap has been found to have an
important impact on the drag reduction for both laminar and turbulent flows*>>. According to the
meniscus deformation analysis by Rastegari and Akhavan™, the shape of the interface (F}) in a right-
handed coordinate system (xp, yp, zp), with its origin og centered on the groove as shown in Fig. 7,

may be written as

F, (yp,AP):§<J4—k§ —2J1 —(kcyp/g)2> (3.2)

c

where AP is the Laplace pressure across the interface, estimated by the static pressure at the surface
(= 400 Pa). kc = AP g/o is the non-dimensional curvature of the interface, where ¢ is the surface
tension. Then, the protrusion angle (6,) and the maximum meniscus bending depth (4,) can be

respectively calculated by

ke
Hp = arctan (W) . (33)

and

h, = 2%(2— /4—k§>. (.4)

According to Egs. (3.3) and (3.4), the 6, and %, values for SHPO*? are about 15° and 1.7 pm,
respectively, which are higher than those (9° and 0.6 um) for SHPO*!. In Rastegari and Akhavan’s>?
numerical study on turbulent drag reduction using streamwise micro-grates, they found that the slip
velocity Us and the resultant DR were decreased by about 14% and 13%, respectively, as 6, increased
from 0° to 30°. Moreover, an increase in /, could lead to a decline in the slip length 5 and hence in
the drag reduction®. It is therefore plausible that the lower DR obtained by SHPO*? may be

associated with the larger deformation of the meniscus.



AIP
é Publishing

Solid

Interface

Water

Fig. 7. Schematic of the bending air-water interface formed over micro-grates.

Figure 8 presents the PTV-measured normalized Reynolds stresses <uz>§ and <vwv>; over the
smooth and SHPO*! surfaces at Rer = 6.9 x 10°, where the angular brackets denote quantities
spatially-averaged in the x direction. The flow over the SHPO*! surface exhibits lower streamwise
velocity fluctuations as compared with the smooth surface (Fig. 8a). At 10 < zg <30 (i.e., the buffer
layer), <uw>§ is considerably reduced over the SHPO*! surface, with its peak value decreased by
approximately 16% if compared to that over the smooth surface. The turbulence attenuations also
extend to the logarithmic layer until z, = 60, albeit with appreciably less prominent reductions.
Similar observations can also be made from the <w>{ profiles as shown in Fig. 8(b), suggesting

weakened vertical velocity fluctuations over the SHPO*! surface. These results agree with the water-

1'40 1.41 1.21

tunnel experiments by Zhang et al.*”, Tian et al.”" and Ling et al.”" using SHPO surfaces with random

roughness, where diminished « and v fluctuations in the buffer and logarithmic layers were observed

1.3% numerically investigated the turbulent structures

from PIV measurements. Moreover, Park et a
over micro-grated SHPO surfaces, and found that the near-wall quasi-streamwise vortices were
weakened on the SHPO surface as compared with the smooth surface. This observation is consistent
with the study of Zhang er al.*’, in which the PIV-measured vorticity and swirling strength data
showed weakened turbulent structures above a randomly textured SHPO surface. Furthermore,
Hokmabad and Ghaemi® experimentally observed a noticeable suppression of the sweep and

ejection events over the SHPO surface, and indicated that the turbulence regeneration cycle could

be attenuated due to the slip on SHPO surface. It is therefore inferred that the reduction in <w>j
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and <w>; over the SHPO*! surface (Fig. 8) may be linked to the weakening of vortical structures

and the suppression of turbulent activities, which leads to the significant DR of 46%.
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Fig. 8. Profiles of Reynolds stresses (a) <uw>, and (b) <iv>§ over the smooth and SHPO™ surfaces at
Re;=6.9 x 10°.

In their DNS study on the mechanism of turbulent drag reduction using micro-grated SHPO
surfaces, Rastegari and Akhavan® indicated that the drag reduction came mainly from two parts,
i.e., one resulted from the slip on the surface, and the other from modifications to near-wall turbulent
structures. The former was found to contribute more than 80% of the total drag reduction. This result
was corroborated by Li er al.’s®> water-tunnel experiments. Based on high-resolution PIV
measurements, they proposed an analytical expression describing the relationship between the drag
reduction and the slip velocity as DR = Uyg/U» + O(¢), in which the first term accounts for
approximately 80% of DR, and the second term is related to the difference of turbulent dynamics
between the SHPO and smooth surfaces. Based on this theory, for the SHPO*! surface which creates
a significant DR of 46% at Ux = 0.55 mV/s, the Us is evaluated to be around 0.2 m/s if given the
magnitude of Us/Ux equals to 80% of the total drag reduction. Other sources contributing to this
drag reduction may be associated with the attenuated turbulent structures over the SHPO*! surface,
as evidenced by the diminished Reynolds stresses of <wmu>j and <>} shown in Fig. 8.

3.2. Scaling of drag reduction

133638 indicated that the drag reduction may be

Past numerical and experimental studies
correlated to the dimensionless gap between two neighboring grates, i.e., gg. Nevertheless, based
on presently measured DR and the experimental data in literature, the distribution of DR against gg
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is found to be greatly scattered, as summarized in Fig. 9. For instance, given the same f. = 50%, DR
of SHPO*! surface rises from 41% to 46% at relatively small gg from 0.5 to 0.8, but a further
increase in gg to 0.8 — 1.3, corresponding to the SHPO*? surface, leads to a drop in DR to 33% —
37%. Similar observations can be also made at large fo = 90%, in which the DR varies from 18% to
65% in a range of gg from 1 to 25 (e.g., Refs. 11 — 13). These results imply that using fa, gg, or
their combination, may not be adequate to achieve a meaningful correlation between DR and the

surface topology.
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o SHPO", £,=50% = Daneillo et al’, f,=50% v Woolford et al.”’, f,=80%
© SHPO®, f,=50% e Parkeral', f,=50% A Xueral? f,=90%
v SHPO®, £,=33% e Parkeral', f,=70% * Xueral®, f,=90%
a SHPO™, £,=30% e Parkeral', f,=90%

Fig. 9. The DR corresponding to g; in present measurements and previous experimental studies using
streamwise-aligned micro-grates for (a) g, <2.5and (b)5< g, <30.

An empirical scaling of the drag reduction is therefore conducted. The meniscus deformation,

1353 was usually neglected

which has been manifested to have an important impact on drag reduction
in previous investigations. Its effect is also supported by the present force balance measured DR
results as shown in Fig. 6. According to Egs. (3.2) — (3.4), the meniscus deformation can be dictated
by the non-dimensional curvature of air-water interface k.. Through a careful analysis of present

experimental data and those in literature, we propose a relationship among DR, gg, fa and ke, viz.

DR = 6(g)) ?(f,) k). (3.5)
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where @, @ and ¥ are functions of gg, fa and ke, respectively. Equation (3.5) considers the positive
effects of g:)r and f, on DR, and the negative influence of the meniscus deformation, as evident in
Fig. 6. After numerous trial-and-error attempts in least-squares-fitting the data, @ and ¥ can be
expressed in forms of a; f: +a,f,+a; and b 1/(kc2 +b, k.+bj3), respectively. Here, a; ~ as and b; ~ b3
are coefficients. Function @ is determined by taking above two expressions into Eq. (3.5), and we
obtain a reasonably good collapse for almost all the data with least-squares fit by

402

3.19. g, (f48.91f, — 0.17)

DR= ‘
[in(g; “*+1.26) + 0.44] (k7+21.9k,+25.5)

(3.6)

The obtained scaling law is valid for a rather wide range of Rer from 100 to 6000. Defining the
right-hand-side of Eq. (3.5) as &, a linear function DR = £ can be achieved, as shown in Fig. 10. Note
that, the reported DR of 11% by Woolford et al.3” using a SHPO surface with f; = 80% and g = 32
um is substantially lower than that (35%) predicted by the scaling law, which may be due to the loss
of plastron during measurements. Park et al.’s'! measured DR of 65% with f; = 90% and g = 90 um
is much higher than the predicted value (42%). This deviation is probably due to the relatively small
size of their SHPO sample surface (1 cm x 2 cm), which may cause a size effect leading to an

overestimation of drag reduction'?.

70

60 1

50 A

40

DR (%)

0 01 02 03 04 05 06 07

Fig. 10. Dependence of DR on the scaling factor &. The solid line is a least-square fit to the data. Symbols are
as in Figs. 6 and 9.
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It can be inferred from the scaling law, i.e., Eq. (3.6), that for given f, and k., DR is proportional
to the function of H(g,) = ggo’z/[ln(ggo‘“Jrl .26) +0.44], as displayed in Fig. 11. According to Egs.
(3.3) and (3.4), 6, and the non-dimensional maximum bending depth h; = hp/g of the meniscus are
both dictated by k.. Therefore, a constant k. may indicate almost identical 8, and h; among different
menisci. Given gg = g/dw, the increase in g; can be realized by two approaches at a fixed k.. One
is to decrease dyo by increasing the flow velocity or Reynolds number. Another is to enlarge g and,
in the meantime, to reduce AP to retain a constant k.. In both approaches, k. and the resultant 6, and
h; of the meniscus remain unchanged. As shown in Fig. 11, the value of H is seen to climb
significantly from 0.69 to 0.82 initially with gg rising from 0.1 to 2, but then grows slowly when
gg is further increased, which only mildly rises to 0.9 with gg reaching up to 40. However, note
that an overly large g may lead to an unstable plastron and an easy air loss on SHPO surface’, which
hinders its applications. Therefore, by examining the increase rate or slope of H against gg, two
regions, i.e., 0.1 < g; <2 and g; > 7, can be identified. Based on the linear least-square-fitting of
H for g; =0.1 -2 and 7 — 40 with a fixed increment in g; of 0.1, the former region corresponding
to high growing rates fits reasonably well to H = 0.093g;+0.695, while the latter region with low
growth rates can be fitted by H = 0.0016g;+0.845, whose slope is only 1.7% of the former region’s.
This result implies that, when g; exceeds a certain level, say g;)r ~ 7, further increasing gg can
only marginally enhance DR. The understanding achieved through this scaling law could be very

useful for future SHPO surface designs.
1

H =0.093g, +0.695
H =0.0016g, +0.845

0.5 : T . : : T :
0 5 10 15 20 23 30 35 40
g
Fig. 11. Dependence of H, which is obtained from Eq. (3.6) for given f; and k., on gg. The blue and red-
colored solid lines correspond to the linear least-squares fitting to A for 0.1 < g;’ < 2 and g(}' > 7,
respectively.
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3.3. Scaling of logarithmic profile on SHPO surfaces

Figure 12(a) shows U profiles over the smooth and SHPO surfaces at x; = 984, i.e.,
approximately 1.76z downstream from the leading edge of the test surface. The profile for the smooth
surface is in an excellent agreement with the PIV data obtained by Ling et al.?' and the DNS data
from Spalart’’. In the logarithmic layer, the U profile over the smooth surface collapses onto the
classical logarithmic law, which is indicated by the solid line and can be expressed as

1
Uy = —Inzj + B, (3.7
Ko

where xp = 0.41 and By = 5.0, confirming the flow is fully turbulent. By using the Clauser method>*,
the friction velocity u:p can be evaluated from this logarithmic relation to be about 0.0161 m/s, very
close to that (0.0160 m/s) obtained directly from the skin-friction balance measurements (Table 3).
This cross-comparison confirms the accuracy of current measurements.

When the smooth surface is replaced by the SHPO surfaces, it is found that the profiles are
shifted upwards, and the extent of shift rises with the increase of DR. Also, the slope of the
logarithmic-layer velocity profiles increases with increasing DR, as clearly revealed in the zoomed-
in plot in Fig. 12(b).

As shown in Fig. 13, the measured (dU/dz)§ profiles over the smooth and SHPO surfaces
collapses in the outer layer at zg > 50. Similar observations have also been made in Ling et al.’s?!
experimental study over randomly textured SHPO surfaces. They observed based on high-resolution
PIV measurements that (udU/dz)¢ retained nearly unchanged when replacing the smooth surface
with the drag-reducing SHPO surfaces at zg = 50 —400. This indicates that the outer layer has not
yet been affected by the change in velocity scale near the SHPO surface. In other words, the outer
layer may not have reached the equilibrium condition. In this case, when re-deriving Eq. (3.7) for
TBL over SHPO surfaces, if the U profile in the outer layer is normalized using wuw (i.e., the
corresponding friction velocity over a smooth surface) instead of u (i.e., the actual friction velocity),
a modified logarithmic relation can be obtained as (see Appendix A for detailed derivation)

_ 1
U = ——1Inz* + B(DR), 3.8
VI =DR (DR) (3.9)

where B is an additive parameter depending on DR. This equation clearly indicates that any drag
reduction (note 0 < DR < 1) will result in an increase in the slope of velocity profile in the logarithmic
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layer. The larger the DR, the steeper the slope, which is consistent with our observations.
Furthermore, as illustrated in Fig. 12(b), the dashed, dotted and dash-dot lines representing Eq. (3.8)
for SHPO*!, SHPO*? and SHPO** surfaces, respectively, agree well with the measured velocities,
with the RMS errors of the fitting being less than 0.05, which are at least five times smaller than
those evaluated with the unchanged slope (represented by solid lines in Fig. 12b). Similar results
have also been obtained for the SHPO*® surface but not included in this figure, whose logarithmic

layer profile can also be depicted by Eq. (3.8).

(@)
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o SHPO™
25 A1
20
N
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10 Logarithmic region

5 {¢® ® Baseline, from Ling ef al.”' at Re, =860
Baseline, from Spalzu’t57 at Re, =500
0 T !
5 10 100 500
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z

Fig. 12. (a) Mean streamwise velocity profiles for SHPO and baseline surfaces scaled by their own inner
units. (b) Zoom-in plot at 50 < z* < 200. The black-colored solid line (—) in (a) represents the classical law
of wall for the baseline surface expressed by Eq. (3.7), and the lines in (b) in blue, purple and red colors
express unchanged slopes with the classical law of wall for SHPO*', SHPO” and SHPO™ surfaces,
respectively. (a, b) The dashed (--), dotted (--) and dash-dot (---) lines are determined by Eq. (3.8) for the

three SHPO surfaces. Re, = 4.1 x 10°. Rex = 564.
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Fig. 13. Profiles of velocity gradient (dU/dz)§ over the smooth and SHPO surfaces at Re; = 4.1 x 10°.

The proposed new correlation between the velocity profile slope in the logarithmic layer over
SHPO surfaces and the produced drag reduction, i.e., Eq. (3.8), can also be verified by existing
experimental data reported in previous studies?'>*>?, as shown in Fig. 14. Two data sets are obtained
from Ling et al.’s?! PIV results for two SHPO surfaces with surface roughness k™ of 0.43 and 0.89,
producing DR = 12% and 27%, respectively, as well as for the smooth surface, at Re. ~ 800 (their
Figs. 5 and 11). One data set is from Rowin & Ghaemi’s?® PIV measurements for a coated SHPO
surface with £ = 0.28, creating DR = 36% at Re. = 800 (their Fig. 10). And one more set of data is
from Hu et al.’s>® hot-film anemometer measurements over a SHPO surface (k* = 0.04), which led
to DR = 14% at Re; =700 (their Fig. 5). The theoretical predictions based on Eq. (3.8) for these cases
with DR = 36%, 27%, 14% and 12% are plotted with lines. It is seen that all the data sets agree well
with the theoretical predictions for the logarithmic layer.

Figure 15 presents the variation of B in Eq. (3.8), which is determined by fitting the DR-induced
logarithmic profile for the SHPO surfaces. It is interesting to note that B displays an approximately
linear relationship with DR. The data fit well to the equation as

B(DR)=By+kpDR 3.9
with Kp = 6.6. Note that the values of B are not provided in Ling et al.*!, Rowin & Ghaemi** or Hu
et al>. Instead, they are calculated based on their logarithmic profiles data, which are found to be
about 5.6, 5.8, 6.6 and 7.5 for the DR cases of 12%, 14%, 27% and 36%, respectively. The deviations
of these B values from those (5.8, 5.9, 6.8 and 7.4) predicted by Eq. (3.9) are relatively small, less
than 4%.
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Fig. 14. Mean streamwise velocity profiles obtained from Ling et al.’s'®, Rowin & Ghaemi’s'® and Hu et
al.’s>* experimental data of the baseline and SHPO surfaces and scaled by their own inner units. The solid
line (—) is as in Fig. 12. The dashed (--), dash-dot (---), dotted (-*-) and dash-dot-dot (--) lines are
determined by Eq. (3.8), in which the line colors: green for the case of DR of 36%, red, 27%; blue, 14%;
purple, 12%.
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Fig. 15. Dependence of B on DR. Symbols are as Figs. 12 and 14. The solid line is calculated by Eq. (3.9).

It is worth commenting on the range of validity of the proposed theory. The present logarithmic
profile scaling in TBL over the SHPO surface is based on the assumption that only the inner part of
the boundary layer is affected by wall manipulation while the outer part has not reached a new

equilibrium. In contrast, if the SHPO surface is sufficiently long so that the outer layer can eventually
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adjust to the wall manipulation and reach the new equilibrium, the outer layer may scale with the
actual friction velocity. In this case, the logarithmic scaling may restore to the classical form with
the slope of 1/ko. Nevertheless, there is nearly no numerical or experimental documentation on how
far downstream in TBL over a SHPO surface could the outer layer adjust to the new equilibrium,

and the resultant modification of the logarithmic scaling law remains unknown.

4. Conclusions

We developed a high-resolution skin-friction balance to measure in a water tunnel the drag
reduction of streamwise-micro-grated SHPO surfaces in TBL. Four SHPO surfaces with different
micro-grate sizes were investigated, all exhibiting an increase in DR with increasing Rer.. Significant
DR from 41% to 46% was obtained for the SHPO*! surface with f, = 50% at Rer = (4.1 — 6.9) x 10°.
However, with the same f, and Re. but a larger deformation of meniscus on the gap between grates,
the DR of the SHPO*? surface was decreased to 33% — 37%, which confirms that the meniscus
deformation has an important impact on drag reduction as pointed out by previous numerical studies.
The SHPO*? and SHPO* surfaces led to lower DR (20% — 24%), which is due to smaller £, (33%
and 30%, respectively). Moreover, for each SHPO surface, the DR is observed to monotonically
increase with ascending gg, indicating a positive effect of gg on the drag reduction.

Empirical scaling of drag reduction is conducted with a view to achieving a correlation between
DR and surface topology. With the non-dimensional meniscus curvature k. included, DR can be
predicted reasonably well by a function of ke, f. and gg, as expressed by Eq. (3.6), with which all
the present and previous experimental data collapse well, conciliating the widely scattered DR data
in literature. Moreover, it is found based on this scaling law that, given fixed k. and fu, the growth
rate or slope of DR against gg at gg < 2 is approximately 58 times higher than that when gg
exceeds 7. In view of the fact that a large g may lead to unstable plastrons, this finding may provide
a valuable guidance for the design of effective SHPO surface topology in real-world applications.

Furthermore, a theoretical expression predicting the slope and the up-shifting level of the
logarithmic profile for SHPO surfaces was proposed. This logarithmic scaling analysis was
conducted under the condition that the outer layer of TBL has not reached a new equilibrium when
subjected to the SHPO surface manipulation, which is a common occurrence in laboratory

experiments in view of the limited length of manufactured SHPO surface samples. Therefore, by
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assuming that the outer layer has not been affected by the SHPO surface condition and hence is still
governed by the friction velocity on the smooth surface, the slope of logarithmic profile is found to
be modified to 1/(xyv'1 — DR), and the up-shifting level B grows almost linearly with the magnitude
of DR, as described by Eqgs. (3.8) and (3.9), respectively. This is supported not only by our own PIV
data, but also by existing experimental data from other groups. These findings may inspire
researchers in the field and provide them with a new perspective to examine their measured or

simulated velocity and DR data.
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Appendix: Logarithmic scaling of TBL on SHPO surface
The classical scaling of TBL along a flat surface describes the mean velocity profile U using

two layers, i.e., inner and outer layers. Normally the inner and outer layers are located at z/dz < 0.2
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and z/6, > 50, respectively, which have an overlap region®. In this overlap region the dependence of
U on z is described by a logarithmic relationship, which can be determined by matching the
velocity gradient in the inner and outer layers®!. Specifically, since the flow in the inner layer is
characterized by inner viscous length J,, the U depends on z*, i.e.,

U =F@h, (AD)
where F is a function of z". Hence the velocity gradient in this layer can be evaluated by

dU _dF(z")u, dF(E")u?
dz  dzt 85, dzf o’

(A2)

On the other hand, the flow in the outer layer is characterized by the boundary layer thickness dp

where the viscous effect is negligible®?. Hence, the U depends on { = z/dp instead of z*, i.e.,

U =G, (A3)
where G is a function of a normalized variable £ The velocity gradient in this layer is then
dU dG .
U _ 460 u; (Ad)
dz d¢ s

By matching the two velocity gradients expressed in Eq. (A2) and (A4), we can obtain the classical

logarithmic law for the overlap layer as
_ 1
U =-Inz" +B, (A5)
K

which, if applied to a smooth surface, becomes Eq. (3.7) in this paper. Note that x and B vary for
different surfaces such as in the present study.

To explicitly incorporate the effect of drag reduction into the evaluation for the SHPO surfaces,
we nondimensionalize U in Eq. (A4) using a reference velocity w0, i.e., the viscous velocity over

the smooth surface under the same flow conditions, instead of the actual velocity u.
dU _dGo(Q uy
z  dl o’

(A6)

where Gy is another function of { In the non-equilibrium state, in which the outer layer has not been
impacted by the change of velocity scale on the SHPO surface, the new nondimensional velocity
gradient, i.e., dGo/d(, remains the same when surface changes. This is supported by our experimental
observation where the measured dU/dz profiles over all the surfaces, including the smooth and
SHPO surfaces, collapse when z is sufficiently large, as reflected in Fig. 13.

Thus, matching the two velocity gradients expressed in Eqs. (A2) and (A6) gives
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A2 dGo(Q) g

= . A7
dz* o d¢ Jp (A7)
Multiplying both sides of Eq. (A7) by z and re-arranging the terms, we obtain
dFz") u dGo(9)
* <= . A8
2w ar (A8)
Note that the wall shear stress z,, is related to u; and also to friction drag coefficient Cr
%, = pu; = CppUz/2. (A9)
Hence
u, Cr
— = |=—==+v1—-DR (A10)
Uz CjO
As such, Eq. (A8) can explicitly include a quantity related to drag reduction
dF(z* dG
~YE) =pr = 49O (A1)

dz* da¢
The two sides of Eq. (A11) depend on different variables. By applying the separation of variables
concept and by noting that, when DR = 0, the resulting expression should recover to the logarithmic
law of a smooth surface, the left side of Eq. (A11) becomes

A 1 (A12)
.
dz* k,\/1—DR

Integrating this equation yields the Eq. (3.8).
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