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ABSTRACT

In this work, we experimentally investigated the impact of surface roughness on drag reduction as well as the plastron stability of
superhydrophobic surfaces (SHSs) in turbulent flows. A series of SHSs were fabricated by spraying hydrophobic nanoparticles on sandpapers.
By changing the grit size of sandpapers from 240 to 1500, the root mean square roughness height (krms) of the SHSs varied from 4 to 14 lm.
The experiments were performed in a turbulent channel flow facility, where the mean flow speed (Um) varied from 0.5 to 4.4m/s, and the
Reynolds number (Rem) based on Um and channel height changed from 3400 to 26 400. The drag reduction by SHSs was measured based on
pressure drops in the fully developed flow region. The plastron status and gas fraction (ug) were simultaneously monitored by reflected-light
microscopy. Our results showed a strong correlation between drag reduction and krms

þ¼ krms/dv, where dv is the viscous length scale. For
krms

þ < 1, drag reduction was independent of krms
þ. A maximum 47% drag reduction was observed. For 1 < krms

þ < 2, less drag reduction
was observed due to the roughness effect. And for krms

þ > 2, the SHSs caused an increase in drag. Furthermore, we found that surface rough-
ness influenced the trend of plastron depletion in turbulent flows. As increasing Rem, ug reduced gradually for SHSs with large krms, but
reduced rapidly and maintained as a constant for SHSs with small krms. Finally, we found that as increasing Rem, the slip length of SHS
reduced, although ug was nearly a constant.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187081

I. INTRODUCTION

Superhydrophobic surfaces (SHSs) are widespread in nature.1,2

They have attracted tremendous attention due to their wide range of
potential applications in diverse fields, including engineering and
various scientific disciplines such as hydrodynamic drag reduction,3–5

self-cleaning,6,7 anti-biofouling,8–10 and enhancing heat and mass
transfer.11–13 Among these applications, drag reduction stands out as a
compelling factor emphasized in almost every publication on SHS,
owing to its global-scale impact on conserving energy and protecting
the environment.14 The reason that SHSs can reduce drag is mainly
because SHSs trap a thin layer of gas (or plastron) between the surface
textures when contacting with liquid, promoting the so-called Cassie–
Baxter state. Due to the lower viscosity of the gas compared to the liq-
uid, the SHSs support an effective slip boundary, characterized by a
slip length b, and reduce the near-wall velocity gradients. For a smooth
surface, b is typically on the order of a few nanometers. However, for a
SHS with microtextures, b can reach to the order of a few hundred
micrometers.15 Drag reduction is achieved when b is comparable to

the characterized length scale of the flow, e.g., channel height for lami-
nar channel flows,3,16,17 viscosity length scale dv for turbulent bound-
ary layers,18 and diameter of the object for external flows over
objects.19,20 In the past two decades, the drag-reducing property of
SHS in turbulent flows has been extensively studied through a combi-
nation of numerical, experimental, and theoretical approaches. It is
generally understood that large drag reduction (up to 90%21) can be
generated when the gas layer is maintained on the SHS and when
bþ¼ b/dv > 1 (Ref. 18). Researchers have also shown the degradation
of drag reduction due to various factors such as surface rough-
ness,4,22,23 spanwise slip,24,25 pressure,4 curved or depining of the gas–
liquid interface,26,27 gas dissolution in undersaturated liquid,28,29 and
surfactant.30,31 Furthermore, researchers frequently reported that by
increasing the Reynolds number, the gas on SHS was removed due to
turbulence32 leading to a failure of drag reduction. To address the issue
of unstable gas in turbulent flows, a number of passive and active tech-
niques have been developed, including the modifications of surface
texture by using nano-scale roughness33,34 or reentrant geometry,35,36
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and gas replenishment based on gas injection from an external
source37,38 (e.g., through a porous material) or in situ gas genera-
tion39,40 (e.g., by decomposition of water with electric current).

Despite extensive studies in the past, the impact of surface rough-
ness on the drag-reducing properties of SHS in turbulent flows has not
been fully investigated. SHSs with randomly roughed textures are pro-
duced inevitably on large-scale SHSs fabricated by methods such as
chemical etching,41 sandblasting,42–44 and sprayed coating.4 The sur-
face roughness can be partially characterized by the root mean square
(rms) value of roughness height denoted as krms. SHS with different
values of krms could be produced by varying the size of spraying par-
ticles, the grit size of blasting media, and the duration of chemical etch-
ing. Understanding the effect of krms on turbulent drag reduction
could provide important guidelines for the fabrication and implemen-
tation of SHSs in large-scale applications, such as marine vessels.
Although SHSs with an identical texture height and minimal surface
roughness can be produced by techniques such as photolithography or
laser texturing, these techniques may not be economically feasible for
large-scale applications. The main aim of this paper is to systemically
vary the surface roughness of SHS and investigate its impact on the
drag reduction of SHS in turbulent flows.

Early experimental and numerical studies have provided valuable
insights into the effect of surface roughness on the drag-reducing per-
formance of SHS in turbulent flows. These early experimental stud-
ies4,21,22,45–47 are summarized in Table I, which lists the SHS
fabrication techniques, surface roughness height, drag reduction mea-
surement techniques, and amount of drag reduction. A common
observation in these studies was that the amount of drag reduction
reduces as increasing krms. Several works also showed that the SHS
transitioned from the drag reduction regime to the drag increase
regime when krms

þ¼ krms/dv was larger than a critical value close
to 1.22,45 Furthermore, Gose et al.21 found that the drag reduction of
different SHS had a strong correlation with the product of krms

þ and
contact angle hysteresis. Rajappan et al.48 found that the large lateral
spacing between roughness peaks, in conjunction with a small root
mean square roughness is crucial for turbulent drag reduction. A few
numerical studies also showed less drag reduction by SHS due to the
effect of surface roughness.23,49 For example, Seo and Mani46 showed
that the slip length on SHS with randomly distributed textures is 30%
less than that for regular textures of the same size.

Understanding the plastron stability in turbulent flows is also cru-
cial since the drag-reducing capability of SHS mainly relies on the
presence of the gas layer. However, the impact of surface roughness on
the plastron stability has received very little attention. A few numerical
studies26,49–53 examined the wall pressure fluctuation, pw, applied on
SHSs under turbulent flows and the resulting interface deformation.
The simulations show that due to large pw, an initially flat interface is
curved, penetrates into the microcavities, and finally detaches from
the tip of roughness. Large pw can be caused by three mechanisms:
(i) the stagnation of flow at the leading edges of surface textures,50

(ii) the flow-induced capillary wave,52 and (iii) the intermittent turbu-
lence.26,52 Empirical models of pw corresponding to each mechanism
have also been proposed. Moreover, using direct numerical simula-
tions (DNS), Ma et al.53 showed that surface roughness on SHS causes
higher pw. Several experimental works have qualitatively examined the
state of the gas layer on the SHS in turbulent flows. For example, by
imaging the SHS at total internal reflection angles, several research-
ers32,46 found that the gas layer diminishes with increasing Reynolds
number (Re). Using digital holography, Ling et al.4 measured the size
distribution of the entrained gas bubbles and found an increase in gas
depletion rate with increasing Re. Using bright-field microscopy,
Reholon and Ghaemi45 reported a decrease in the gas layer thickness
with increasing Re. By measuring the drag reductions and comparing
the results to theoretical predictions, Rajappan et al.46 reported the
critical wall friction for the onset of gas depletion for several randomly
roughed SHSs.

In this paper, we aim to gain a further understanding of the
impact of surface roughness on the drag reduction as well as the plas-
tron stability of SHS in turbulent flows. A series of SHSs with rough-
ness heights in the range of 4< krms< 14lm (or 0.2< krms

þ< 4.1)
were fabricated by spraying coating hydrophobic nano-particles on
sandpaper. Different values of krms were obtained by varying the grit
size of the sandpaper. The fabricated SHSs were tested in a fully devel-
oped turbulent channel flow facility, where the Reynolds number
varies from �10000 to �24 000. The skin friction drag of SHS was
measured by pressure drop in the fully developed region. The status of
the gas layer on SHS was monitored by a reflected light microscopy
technique. The work was innovative compared to previous studies for
the following reasons. First, a new method based on sandpaper was
used to fabricate SHS. This method allowed us to systemically vary the
roughness height of SHS and allowed us to create a sufficiently large

TABLE I. Summary of previous experimental studies on the impact of surface roughness on the drag reducing property of SHSs in turbulent flows (ka: arithmetical mean rough-

ness ka ¼ 1
l

Ð l
0 h� �hj jdx, krms: root mean square roughness krms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
l

Ð l
0 h� �hj j2dx

q
, and h is the roughness height.).

References
SHS fabrication

methods
Surface

roughness (lm) krms or ka in wall units
Measurement
techniques Drag reduction

Bidkar et al.22 Thermal spray ka: 1.1–15.6 0.06– 5.8 Force load �50% to 30%
Ling et al.4 Spray coating krms: 4.8–20.4 0.43–3.28 Near-wall velocity �10% to 36%
Gose et al.21 Spray coating krms: 1.2–18 0.15–4.5 Pressure drop �90% to 90%
Rajappan et al.48 Acid-etching,

spray coating
krms: 3.36–11 0.41–1.59 Torque �2% to 26%

Abu Rowin and Ghaemi47 Spray coating krms: 4.9 0.26–0.35 Near-wall velocity 38%–42%
Reholon and Ghaemi45 Spray coating krms: 10.2 0.4–1.38 Near-wall velocity �5% to 25%
Current work Sandpaper krms: 4–14 0.2–4.1 Pressure drop �35% to 47%
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SHS where the turbulent flows over SHS were fully developed. Second,
a new method based on reflected light microscopy was implemented
to monitor the plastron status in turbulent flows. This new method
allowed us to quantitatively measure the variation of gas fraction at dif-
ferent Reynolds numbers. Third, it was the first time that the impact of
roughness height on the plastron status in turbulent flows was
investigated.

II. EXPERIMENTAL METHODS
A. Preparation of SHS with different roughness heights

SHSs are typically created due to a combination of surface rough-
ness and hydrophobic chemistry. Following a method used in our pre-
vious work,54 we created SHSs with different roughness heights by
spraying 30–50nm silanized silica particles (Glaco Mirror Coat Zero
from SOFT99 Corp) on sandpapers. Sandpapers with five different grit
sizes: 240, 400, 800, 1000, and 1500 were used in this study. Prior to
applying the nano-particles, the sandpapers underwent a cleaning pro-
cess using an ultrasonic bath. Subsequently, they were dried and
securely affixed to a flat plate to guarantee their flatness. Next, the
nano-particles were dispersed evenly across the entire surface of the
sandpaper through spraying. Finally, the sample was left to dry for one
day in preparation for subsequent experiments. Figures 1(a)–1(e)
show a water droplet seating on the coated surfaces with a contact

angle larger than 150�. The values of the water contact angle are listed
in Table II.

The Scanning Electron Microscopy (SEM) images shown in Figs.
1(f)–1(j) demonstrate that the fabricated SHSs consisted of both
microscale surface roughness corresponding to the abrasive particles
on sandpapers and nanoscale surface roughness resulting from the sil-
ica nano-particle coatings. The wavelength and size of the abrasive par-
ticles, denoted as k and dp, were estimated from the SEM images and
listed in Table II. By increasing the grit size from 240 to 1500, dp
decreases from 426 12 to 76 3lm which agrees with previous stud-
ies,54,55 as well as the ISO standards (ISO 6344-3)56 and the sandpaper

FIG. 1. Characterization of the five SHSs fabricated in this work including: (a)–(e) water contact angle, (f)–(j) SEM images of surface roughness, and (k)–(o) roughness height
distributions.

TABLE II. Parameters of SHS including measured water contact angles (WCA),
abrasive particles size (dp), krms, wavelength of abrasive particles (k), and gas frac-
tion predicted by Cassie–Baxter model (ug).

Grit size 240 400 800 1000 1500

WCA 1586 2� 1626 2� 1586 2 o 1646 2 o 1656 2 o

dp (lm) 426 12 186 10 176 6 106 6 76 3
krms (lm) 14.2 8 7.2 4.7 4.6
k (lm) 676 14 286 3 336 9 246 8 126 2
Predicted ug 0.86 0.9 0.86 0.92 0.94
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grit chart by Grainger.57 For example, according to the sandpaper grit
chart,57 the sandpaper with a grit size of 240 has a nominal particle
diameter of 40.5–58.5lm, which is very close to the value of
426 12lm found in our study. We further used a surface profiler
(Bruker DektakXTTM stylus, resolution in surface normal direction
0.1lm) to measure the surface roughness. The measurement was
repeated over five different locations, each covering a length of
2–5mm. The probability density distributions (PDF) of roughness
height (deviated from the average height, denoted as h) as well as the
kernel density estimate (KDE) and the normal distribution fitting are
plotted in Figs. 1(k)–1(o). The slight discrepancy between KDE and
the normal fitting for all grit sizes indicates that the surface roughness
of all current SHSs had non-Gaussian behavior, in agreement with
those reported in Refs. 55 and 58. Figures 2(a) and 2(b) compare the
PDFs of h for the five SHSs of different grit sizes, showing that a larger
grit size leads to a smaller roughness height. The value of krms, as listed
in Table II and shown in Fig. 2(c), reduced from 14.2 to 4.6lm as
increasing grit size from 240 to 1500, which was consistent with those
reported in previous studies.55,59,60 In the following, we use krms to
characterize the surface roughness of sandpaper for the reasons that (i)
the PDFs for h/krms for the five SHSs almost overlap with each other
[Fig. 2(b)]; and (ii) the values of krms/dp and krms/k do not vary signifi-
cantly [Figs. 2(d) and 2(e)].

Since the fraction of surface area covered by gas (i.e., gas frac-
tion) ug is an important parameter determining the amount of
drag reduction, we estimated the gas fraction for the fabricated
SHS based on the Cassie–Baxter model: cos h¼ (1�ug)cosh0 �ug,
where h is the measured water contact angle on SHS (these listed in
Table II) and h0 is the contact angle on a flat surface with same sur-
face chemistry of the SHS. Given the most hydrophobic material
has a contact angle on the flat surface of about 120�, we used
h0¼ 120�. We estimated the gas fraction on the fabricated SHSs
varies from 0.85 to 0.95, as listed in Table II. It should be noted
that ug listed in Table II only applies to static conditions. As will be
shown later, when the SHSs were subjected to turbulent flows, ug

will be reduced.

B. Turbulent channel flow facility

The drag-reducing performance of the fabricated SHSs was mea-
sured in a fully developed turbulent channel flow facility, as shown in
Fig. 3. The flow was driven by a 3-horsepower centrifugal pump. The
flow rate was measured by an electromagnetic flowmeter (Omega
Engineering, Inc., USA, range 2.2–150 gal/min, accuracy 60.5% full
range). Upstream of the channel, a settling chamber containing honey-
combs and screens followed by a 10:1 contraction was used for control-
ling and reducing the inflow turbulence level. On the downstream side,
a mild diffuser with an expansion angle of less than 7� links the channel
with the main loop. At the inlet of the channel, spanwise tripping
grooves were machined on the walls to force early boundary layer tran-
sition to turbulence. The channel’s internal dimensions are 1016
� 50� 6.4mm3 (length � width � height). We denote the channel
height as H, i.e., H¼ 6.4mm. The turbulent flow in the channel is
expected to be two-dimensional due to the 8:1 aspect ratio.61,62 It
should be noted that the channel height (H) was ensured to vary by less
than 5% over the length of the channel and among different tested sam-
ples. For each test (SHS or smooth surface), before running the water
tunnel, we measured channel height at five different streamwise loca-
tions by taking high-resolution images with a known spatial calibration.

A 50mm wide and 880mm long SHS (covering 86% of the
length of the test section) was installed at the top wall of the test sec-
tion. The 880mm long SHS was obtained by joining four short pieces
of SHS, as shown in Fig. 3(b). To ensure a fair comparison, our base-
line was also created by joining four short pieces of smooth surface in
a similar way. As shown in supplementary material Fig. S1, the joints
for the smooth surface had a mismatch of 1906 110lm in wall-
normal directions, and the joints for SHS had a mismatch of
1756 175lm in both streamwise and spanwise directions. This mis-
match was caused by the uncertainties in the fabrication and installa-
tion of samples. As will be shown later, the joints caused larger
pressure drops in the channel compared to a wall with no joints. The
mean flow speed in the test section, Um, varies from 0.5 to 4.4m/s. The
Reynolds number (Rem) based on the channel height and mean flow
speed varies from 3400 to 26 400.

FIG. 2. PDF profiles of (a) h and (b) h/
krms for the firve SHSs, and values of (c)
krms, (d) krms/k, and (e) krms/dp as a func-
tion of grit size of SHSs.
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The working fluid was water and was stored in a 60 gal storage
tank. Prior to the experiments, the water passed through a three-level
water purification system including 20, 5, and 1lm filters. We ran the
water purification system for at least 24h to ensure most particles were
removed. In addition, the water was ensured to be saturated with air at
atmospheric pressure, which was achieved by mixing the water with
air at atmospheric pressure and keeping the water in the tank for at
least two days. The saturation level of air in the water, measured by an
optical oxygen sensor (FirestingO2, Pyro Science), was s¼ c/catm
¼ 99%6 3%, where c and catm denote the air concentrations measured
by the sensor and for water saturated with air at atmosphere pressure,
respectively. It should be noted that the experiments were carried out
after any trapped air in the water tunnel was removed.

To isolate the impact of pressure on the testing result, we main-
tain the hydrostatic pressure at the inlet of the test section as
(1.106 0.01)� 105Pa by carefully adjusting the height of the free air–
water interface above the test section.

C. Measurement of drag reduction and plastron status

Following Ref. 21, the drag reduction of the SHSs was mea-
sured based on the pressure drops in the test section at the fully
developed region. The pressure drop Dp was measured from two
tap holes (diameter 0.75mm, depth of 3.0mm) located at stream-
wise distances of 101.5H and 123H (distance between two holes
was L¼ 21.5H) from the channel inlet, respectively, and via a dif-
ferential pressure transmitter (Omega Engineering, #PX3005-
160WDWBI, range 80 kPa, precision 0.075%). Once the pressure
drop was determined, the skin friction sw, skin friction coefficient

Cf, and drag reduction DR were calculated by the following three
equations, respectively, as

sw ¼ �H
2
Dp
L

; (1)

Cf ¼ sw
0:5qU2

m
; (2)

DR ¼ 2� 1� Cf

Cf 0

� �
; (3)

where q is the density of water, and Cf0 denotes the skin-friction coeffi-
cient measured on a smooth surface at the same Reynolds number. In
the following, a subscript 0 will be used to denote quantities measured
on a smooth wall. The factor of two in Eq. (3) arises as only one of the
two channel walls is SHS.63

To visualize the plastron while the SHS was subjected to turbulent
flows, we used the reflected light microscopy technique as shown in
Fig. 4. A collimated LED light (Thorlabs, model #M625L4-C4, wave-
length 632nm) was used as the illumination source. The light was
directed through a beam splitter to an objective (Edmund, model #46-
144, 10�, infinity corrected, working distance 34mm) in the direction
perpendicular to the sample. A CMOS camera (FLIR, model #GS3-
U3-41C6M-C, 2048� 2048 pixels) was used to record the light
reflected from the SHS. Figures 4(b) and 4(c) show two images
recorded using this setup at static conditions. Figure 4(b) corresponds
to a purely rough surface (uncoated sandpaper), and Fig. 4(c) is for an
SHS (sandpaper coated by hydrophobic nanoparticles). The air layer
attached to the SHS can be clearly observed.

FIG. 3. (a) Schematic of the fully developed turbulent flow facility, and (b) images of the flow facility and the test section window where the SHS was installed.
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III. RESULTS
A. Comparison of wall frictions on a smooth wall, SHS,
and uncoated sandpaper

First, we show the measurement results for an SHS with a grit
size of 1000, where krms

þ was in the range of 0.52–1 and the surface
roughness effect was negligible. We compared the results to a smooth

surface as well as to an uncoated sandpaper with the same grit size of
1000. Figures 5(a) and 5(b) show the pressure drop and Cf for the three
surfaces, respectively. Figure 5(c) shows DR as a function of Rem. The
empirical relation Cf¼ 0.0743Rem

�0.25 for turbulent channel flows
over a smooth wall provided by Zanoun et al.62 was also plotted in
Fig. 5(b) for comparison. Our result showed that the Cf of the smooth
wall was about 60% higher than the prediction by the empirical rela-
tion. The reason for the higher Cf on the smooth wall was due to the
five joints between short samples (supplementary material Fig. S1). As
mentioned earlier, the joints had a mismatch of 1906 110lm in wall-
normal direction and acted like tripping grooves. As shown in supple-
mentary material Fig. S2, we found that a smooth wall with no joints
had Cf, which agreed very well with the empirical relation.

The uncoated sandpaper had slightly higher pressure drops and
Cf compared to those measured on the smooth wall. The amount of
drag increase by the sandpaper compared to the smooth wall was
about 10%. The reason for a mild 10% drag increase by this sandpaper
is likely due to the small value of krms

þ which was in the range of
0.5–1. The maximum peak-to-trough roughness height for this sample
is hPT ¼ 22.6lm (or hPT

þ< 5), which falls in the transitional rough
region.64 Similar results were observed in the literature.59,60,65 For
example, Flack and Schultz60,65 found no drag increase for rough sur-
faces with krms

þ close to 1.
The SHS had the lowest Cf compared to the smooth wall and

uncoated sandpaper. Figure 5(c) shows the drag reduction as a func-
tion of Rem. The SHS provided nearly a constant 47% drag reduction
compared to the smooth wall at the current range of Rem [Fig. 5(c)].
Considering that the only difference between SHS and uncoated

FIG. 4. (a) Optical setup for visualizing plastron statue on SHS, two sample images
obtained by the setup corresponding to (b) an uncoated sandpaper and (c) an SHS
with a grit of 800.

FIG. 5. Comparison of measurement results for a smooth surface, an SHS with a grit size of 1000, and an uncoated sandpaper with a grit size of 1000: (a) pressure drop, (b)
Cf, (c) DR, and (d) slip length. The error bar is smaller than the size of the symbols.
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sandpaper is the presence of gas on the SHS, our result confirmed that
the drag reduction by SHS was due to the trapped gas.

The drag reduction of SHS in turbulent flows was mainly due to
the slip velocity,14 and finite slip velocities on SHS were experimentally
measured by many authors.66,67 Thus, to understand why DR was
nearly constant and independent of the Reynolds number, we assumed
the SHS was an effective slip boundary and estimated the slip length b
based on the measured drag reduction. According to the model pro-
posed by Fukagata et al.,68 a relationship between DR and b can be
obtained by matching the bulk mean velocity of the no-slip flow to
that of the slip flow as

us0
1
k
log Resus0=usð Þ þ F bþy ¼ 0

� �� �

¼ us bþx þ 1
k
log Resð Þ þ F bþy

� �� �
; (4)

where k¼ 0.41 is the von K�arm�an constant, us¼ (sw/q)
0.5 is the fric-

tion velocity, Res¼ usd/� is the friction Reynolds number, bx and by
denote the slip length in the streamwise and spanwise direction, and
Fðbþy Þ is an empirical function depending on bþy (here, we used the
empirical relation proposed by Busse and Sandham24). Furthermore,
we assumed bx¼ by considering the current SHS had a random tex-
ture.25,49 The estimated slip length is shown in Fig. 6(d). Clearly, the
slip length reduced as increasing Rem. A similar trend has been

observed in the experimental work by Rowin and Ghaemi47 who mea-
sured the slip length based on the velocity profile close to SHS, and in
the numerical simulations by Seo and Mani.69 The reduction of slip
length with increasing Rem could be possibly attributed to larger inter-
face vibration.47 It should be noted that the gas fraction was nearly
constant at 10 000 < Rem < 24000 as will be shown later. Thus, the
reduction of b is not due to the reduction of the gas fraction.

B. Impact of surface roughness on drag reducing
performance of SHS

Figures 6(a)–6(c) show the experimentally measured Cf, DR,
and krms

þ as a function of Rem, respectively, for the five SHSs with
grit sizes varying from 240 to 1500. Clearly, for SHSs with grit sizes
of 800 and 1500 (or small roughness height krms

þ < 1), the trends
are very similar to those observed on the SHS with grit size of 1000:
the drag reduction is nearly a constant as increasing Reynolds
number. This is probably because the surface roughness effect is
negligible on these surfaces.

For SHS with grit size of 400 which had a slightly larger rough-
ness height (0.9 < krms

þ < 1.9) compared to SHSs with grit size larger
than 800, the amount of drag reduction reduced from 41% to 17% as
increasing Reynolds number from 10000 to 24000. This result indi-
cates that the surface roughness of the sample with a grit size of 400
was large enough to influent the flow, and caused a lower drag

FIG. 6. Measurement results for the five SHSs with grit sizes ranging from 240 to 1500, including: (a) Cf, (b) DR, (c) krms
þ, and (d) DR as a function krms

þ. The error bar is
smaller than the size of the symbols.
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reduction by SHS as increasing Reynolds number. Noted that the
depletion of the gas layer at higher Reynolds numbers could also lead
to a lower drag reduction by SHS. However, as shown later, for the
SHSs in our work, ug was nearly a constant at the given range of

Reynolds numbers. Thus, we provide new evidence that surface rough-
ness causes a lower drag reduction by SHS.22,45

For SHS with the smallest grit size of 240, which has the largest
roughness height (1.9< krms

þ < 4.1), no drag reduction was observed.

FIG. 7. (a) Raw images captured by the reflected light microscopy showing the status of the air layer on the five SHSs at different Rem and (b) ug as a function of Rem.
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At low Reynolds numbers, the wall friction is similar to that of a
smooth wall. As increasing Reynolds number, a higher percentage of
drag increasing was observed. This behavior was similar to turbulent
flows over a rough surface, where a higher drag increase as increasing
Reynolds number is expected since the roughness height normalized
by viscous wall unit becomes larger at larger Rem. An increase in drag
by SHS compared to a smooth wall due to large roughness height was
also observed in other experimental works.4,22

Finally, we found a strong correlation between DR and krms
þ as

shown in Fig. 6(d), which confirmed the importance of surface rough-
ness on the drag reducing performance of SHS. For SHSs with krms

þ

< 1, as increasing krms
þ, the DR remains nearly constant. For SHSs

with 1 < krms
þ < 2, the amount of DR reduces as increasing krms

þ,
and when krms

þ > 2, the SHS has no DR and has a higher percentage
of drag increase as increasing krms

þ. The relationship between DR and
krms

þ was very similar to those reported in Ref. 45.

C. Impacts of Reynolds number and surface roughness
on plastron status

Figure 7(a) shows the raw images captured by the reflected
light microscopy for the five SHSs at different Reynolds numbers.
Figure 7(b) shows ug as a function of the Reynolds number. The value
of ug was estimated based on the area of the bright region shown in
these images. At stationary liquid (Rem¼ 0), the gas fraction on all
SHSs, regardless of the roughness height, is about 0.966 0.03. Only a
few largest roughness elements were exposed to water, and the gas–liq-
uid interface formed between these largest roughness elements, in
agreement with the observation by Reholon and Ghaemi.45 The high
value of ug agreed with the theoretical estimations provided in Table I.
Other studies have also shown high ug for SHS with random textures
immersed in quiescent water.70–72

When exposed to flow and increasing Reynolds number, ug

reduced due to the shear and turbulence as expected. It should be
highlighted that this is the first time that direct experimental evidence
showing the reduction of gas fraction due to the effect of flow is pro-
vided. This result was consistent with the experimental data obtained

by Reholon and Ghaemi,45 who showed that the thickness of the plas-
tron reduces as increasing Reynolds number.

However, the trends of how ug changed as increasing Rem for
SHSs with different grit sizes were very different. For SHSs with grit
sizes smaller than 800, as Rem increased, ug decreased gradually. For
example, for SHS with grit size 240, ug slowly reduced from 0.96 to
0.14 as increasing Rem from 0 to 26000. For SHSs with grit sizes larger
than 1000, as Rem increased, ug decreased more rapidly until it reached
a stable value. For example, for SHS with grit sizes 1000 and 1500, ug

quickly dropped from 0.96 to 0.57 as increasing Rem from 0 to 7000
and was nearly a constant of 0.57 as Rem continuously increased.
Similar trends were also observed for the length scale of the gas pocket.
Supplementary material Fig. S3 shows the maximum size of the gas
pocket (gmax) and the corresponding capillary pressure p

Ca¼ c/gmax, as
a function of Reynolds number for two SHSs with grit sizes of 240 and
1000. As shown in supplementary material Fig. S3, for SHS with small
grit size, gmax and p

Ca changed gradually. While for SHS with large grit
size, gmax, and p

Ca quickly reached to a stable value. Moreover, the SHS
with grit size 240 had smaller pCa compared to the SHS with grit size
1000, which might be the reason that caused the gas pocket to be less
stable and the gas fraction to reduce continuously.

The possible reason for these different trends could be explained
by the schematic drawings shown in Fig. 8. The cross section repre-
sents the surface texture obtained by the surface profiler, and the water
meniscus formed between different roughness peaks. As shown in sup-
plementary material Fig. S4(a), the SHS with a small grit size (or large
krms

þ) has roughness elements with a peak height hp (measured from
the lowest point) ranging from 10 to 50lm. Consequently, the air–
water interface could pin to the roughness elements with intermediate
roughness heights before reaching the smallest textures, and the gas
fraction reduces gradually. In contrast, as shown in supplementary
material Fig. S4(b), the SHS with a large grit size (or small krms

þ) has a
small range of hp from 5 to 30lm. Thus, there were fewer intermediate
roughness elements facilitating the pinning of air–water interface simi-
lar to the SHS with smaller grit sizes. A similar multi-stage reduction
of gas fraction due to turbulent flows over SHS has also been observed
by Sakai et al.73

FIG. 8. Schematic representation of the air layer status on SHS as increasing Rem (height distributions of SHS were obtained by a surface profiler).
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Comparing SHSs with different grit sizes, we found that at small
Reynolds numbers (Rem < 7000), the SHSs with smaller grit sizes had
a larger ug in comparison with those with larger grit sizes. As
explained earlier, the reason was possibly because of the presence of
intermediate roughness elements which facilitated the pinning of the
air–water interface. However, at higher Reynolds numbers (Rem
> 15000), the SHSs with larger grit sizes promoted a larger ug. The
possible reason was that the SHS with a larger grit size had a smaller
texture spacing, and a larger interface curvature when the interface
deforms, and thus allowed the plastrons to sustain a higher pressure
fluctuation in turbulent flows. The trend that an SHS with a smaller
texture spacing promotes a more stable plastron in turbulent flows has
also been reported in a few numerical simulations.49

Finally, to explain why the current SHSs could sustain the plas-
tron at the highest Rem (e.g., why the SHS with a grit size of 1000
maintained a nearly constant ug¼ 0.57 as increasing Rem), we esti-
mated the maximum pressure difference (pmax) that can be sustained
by the gas–liquid interface and compared it to the maximum wall
shear stress (sw) applied on the SHS at Rem¼ 24 500 [obtained based
on pressure drop and Eq. (1)]. According to the model proposed by
Seo et al.,26,52 gas depletion occurs when pw,rms > pmax, where pw,rms is
the rms value of wall pressure fluctuation on the SHS. Assuming
pw,rms falls in the range of 5–10sw for turbulent flows over SHS,52

gas depletion is expected when sw/p
max is larger than a critical value of

0.1 or 0.2.
We estimated the value of pmax based on the force-balance equa-

tion at the gas–liquid interface as74

pmax ¼ cLpj cos hadvj=ugk
2; (5)

where ug, k, and Lp are the three geometrical parameters of SHS tex-
ture: gas fraction, texture wavelength, and texture perimeter, respec-
tively, hadv is the local advancing contact angle (i.e., the contact angle
when interface de-pins from the tip of the roughness elements), and
c¼ 72� 10�3 N/m is the surface tension of water. As shown by Ling
et al.,4 the value of hadv for SHS with a combination of microscale/
nanoscale roughness was as large as 150�. Thus, we assumed hadv
¼ 150� for current surfaces. To estimate Lp, we approximated the
SHSs with an array of circular posts of the same diameter of the
abrasive particles, so that Lp¼ pdp. The value of ug was directly
obtained based on Fig. 7 corresponding to the highest Reynolds

number (Rem¼ 24 500). Figures 9(a) and 9(b) plot the value of pmax

and sw/p
max, respectively, as a function of grit size. Clearly, the value of

sw/p
max is much smaller than the critical value of 0.1 or 0.2. Therefore,

the persistence of air pockets on current SHSs in turbulent flows is
explained.

D. Comparison of experimentally measured drag
reduction with models

In this section, we attempted to understand why the three SHSs
(grit sizes of 800, 1000, and 1500) had similar drag reduction, and
whether the amount of drag reduction can be predicted by past theo-
retical models. In general, the drag reduction of SHS depends on both
kþ and ug, and a larger drag reduction could be obtained by either
increasing kþ or increasing ug.

Figures 10(a) and 10(b) shows the drag reduction as a function of
kþ and ug. The value of k was obtained from SEM images and defined
as the average spacing between roughness elements. The values of ug

were obtained by reflective microscopy as shown in Fig. 7. The effects
of kþ and ug on the drag reduction observed for the SHSs with three
grit sizes were expected. The SHSs with a larger grit size (i.e., a smaller
kþ) generally had a larger gas fraction (0.35 < ug < 0.41 for grit size
800, ug� 0.57 for grit size 1000, and ug� 0.60 for grit size 1500).
Therefore, as increasing the grit size, the opposite effects of larger ug

and smaller kþ lead to nearly constant drag reductions observed on
the three SHSs.

Figures 10(c) and 10(d) compared the experimentally measured
drag reduction to two theoretical models. In the first model shown in
Fig. 10(c), the drag reduction was predicted based on the empirical
models proposed by Rastegari and Akhavan26 as

1 –DRð Þ ¼ f1þ 1=ð2jÞ ln 1 –DRð Þ þ B–B0ð Þ� �
Cf 0=2
	 
0:5g�2;

(6a)

B–B0ð Þ ¼ 0:41f ugð Þð1� ugÞ�3=8g gþ
� �3=4

; (6b)

where (B� B0) is the upward shift of the mean velocity profile in the log
region compared to the smooth wall, and gþ¼g/dv is the width of texture
indentations expressed in wall unit. Here, we estimated g¼ k � d. In the
second model shown in Fig. 10(d), we first estimated the slip length
according to the model proposed by Seo andMani69 as

FIG. 9. (a) pmax for the five SHSs estimated by Eq. (5), and (b) comparison of the estimated sw/p
max for the five SHSs with the critical values for the onset of gas depletion by

turbulence.
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kþ ¼ bþ=Cb þ 0:328 bþð Þ3ð1� ugÞ3=2; (7)

where Cb¼ 0.325/(1�ug)
0.5� 0.44. This model was obtained by fitting

simulation results for turbulent flows over SHSs with 6< kþ< 310
and 8/9<ug< 63/64. After obtaining bþ, the drag reduction was esti-
mated by assuming bx¼ by and using Eq. (4). As shown in Figs. 10(c)
and 10(d), both models predicted a lower drag reduction compared to
the experimental measurements. Again, the possible reason might be
due to the complex texture geometry of the randomly roughed SHSs
used in this work. Another possible reason for the disagreement
between experiments and the model by Seo and Mani was that Eq. (7)
was developed for SHSs with large gas fractions (ug> 0.8) and thus
was not suitable for current SHSs with relatively small gas fractions
(0.35<ug< 0.6). The morphology of the gas on the randomly
roughed SHS may not be simply represented by k and ug.

IV. CONCLUSION

In summary, by using SHSs with different sandpaper grit sizes,
we studied the impact of surface roughness on drag reduction as well
as the plastron stability of SHSs in turbulent channel flows. We mea-
sured the drag reduction based on the pressure drops. We found that
the drag reducing property of SHS heavily depended on the roughness
height. For SHSs with krms

þ < 1, the roughness effect was negligible,
and the drag reduction remained nearly constant as increasing
Reynolds number and krms

þ. A maximum 47% drag reduction was
observed. For SHS with 1 < krms

þ < 2, the roughness effect cannot be
neglected, less drag reduction was observed as increasing Reynolds
number and krms

þ. When krms
þ > 2, the roughness effect overcame

the slip effect of the SHSs, resulting in a drag increase.
Furthermore, we measured the plastron status based on high-

resolution imaging. We found a reduction of gas fraction due to the
effect of flows: the gas fraction was about 0.9 in stationary liquid but

reduced to less than 0.6 underflows. We found that the surface rough-
ness greatly influenced the trend of plastron depletion in turbulent
flows. For SHS with large krms, as increasing Reynolds number, ug

reduced gradually, probably due to the pinning of gas–liquid interface
at roughness elements with intermediate roughness heights. For SHS
with small krms, as increasing Reynolds number, ug reduced rapidly
and maintained a constant value. We found that the SHS with smaller
krms has a larger ug in high-Reynolds number turbulent flows, sugges-
ting that smaller roughness features promote a more stable plastron
due to the larger surface tension. Our results also showed that as
increasing Rem, the slip length of SHS reduced, although ug was a con-
stant. The reduction of slip length might be due to the interface vibra-
tion at high Reynolds number flows.

We believe our results provided a better understanding of the
surface roughness effect on the performance of SHSs in turbulent
flows. Our results could guide the design, fabrication, and imple-
mentation of SHS for reducing drag in large-scale applications,
such as marine ships. Future works are required to further under-
stand the dynamics of the gas–liquid interface in turbulent flows,
the mechanism of slip length reduction as increasing Reynolds
number, and to develop a predictive model of drag reduction for
SHS with randomly roughed textures.

SUPPLEMENTARY MATERIAL

See the supplementary material includes supplementary material
Figs. S1–S4.
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