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ABSTRACT: Superhydrophobic surfaces (SHS) offer versatile
applications by trapping an air layer within microstructures, while
water jet impact can destabilize this air layer and deactivate the
functions of the SHS. The current work presents for the first time
that introducing parallel hydrophilic strips to SHS (SHS-s) can
simultaneously improve both water impalement resistance and
drag reduction (DR). Compared with SHS, SHS-s demonstrates a
125% increase in the enduring time against the impact of water jet
with velocity of 11.9 m/s and a 97% improvement in DR at a
Reynolds number of 1.4 X 10* The k ey mechanism lies in the
enhanced stability of the air layer due to air confinement by the
adjacent three-phase contact lines. These lines not only impede air

drainage through the surface microstructures during water jet impact, entrapping the air layer to resist water impalement, but also
prevent air floating up due to buoyancy in Taylor—Couette flow, ensuring an even spread of the air layer all over the rotor, boosting
DR. Moreover, failure modes of SHS under water jet impact are revealed to be related to air layer decay and surface structure
destruction. This mass-producible structured surface holds the potential for widespread use in DR for hulls, autonomous underwater

vehicles, and submarines.
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1 .INTRODUCTION

Inspired by lotus leaf, legs of water strider, rice leaf, springtail,
and other aquatic creatures,’ superhydrophobic surfaces
(SHSs) have been widely investigated due to their great
potential applications in the fields o f a nti-icing,”” anticorro-
sion,* ¢ antifouling,5’7 self-cleaning,8 and drag reduction
(DR),”~"* because of the existence of an air layer entrapped
in the microstructures to form the Cassie state. In general, the
performance of SHSs refers to the wettability characterized by
the water contact angle (CA) and rolling angle (RA), while the
ability to resist water impalement is another key performance.
When a ship or underwater vehicle travels through water, it is
inevitably subjected to the impact of water flow w ith high
velocity, which tends to cause the Cassie—Wenzel transition on
SHS'>'* and thus weak ens or even loses the functions of
SHS. 21516

The water impalement resistance of SHS depends on the
capillary pressure (P_.), dynamic impact pressure (P;), and
water hammer pressure (P,;).'”'® When P_ > P,,> Py, SHS
will not be impaled. To enhance the water impalement
resistance of SHS, efforts h ave b een done t o increase P _by
adjusting the pore dimension of SHS'”™*' or reducing the
surface energy,17 decrease P,;, by using a flexible binder,' "

and conduct a combination of both.'”*! Zhang et al?® used a

two-step spraying technique to prepare an impact-resistant
SHS that can withstand the impact of a water jet with velocity
of 9.5 m/s for 60 s without damage. The two-step spraying
technique minimizes the pore radius of the capillaries of SHS.
Luo et al.”' fabricated impact-resistant superhydrophobic
coatings using a flexible binder and a two-step spraying
technique. At an impact speed of 11.4 m/s, the surface can
remain superhydrophobic for 114 s. To further enhance the
impalement resistance, Peng et al.'” employed fluoride
reagents including perfluoropolyether, polytetrafluoroethylene,
and fluorinated modified epoxy resin to develop all-organic
superhydrophobic coatings. The incorporation of both flexible
and low surface energy materials enabled the coating to
maintain the Cassie state even after 200 s of water impact at 25
m/s. However, the use of fluorinated materials should be
avoided during the preparation of SHS considering the safety
and environmental protection.”®


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianyong+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/toc/aamick/16/13?ref=pdf
https://pubs.acs.org/toc/aamick/16/13?ref=pdf
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Figure 1. (a) Schematic diagram of the preparation process of SHS. (b) Schematic of the TC device with a water bath circulation system. (c)
Schematic of the TC inner rotor with a dimension scale. (d) DR of superhydrophobic coatings with different PE contents at different Reynolds
numbers. (e) SEM images and CA of the superhydrophobic surface with 20% PE content at different magnifications.

The water impalement resistance of SHS can also be
improved by preparing special microstructures™*~>* or tuning
the flexibility of substrate.”” Yun et al.>> prepared super-
omniphobic surfaces with microscale wrinkles and serif-T-
shaped nanostructures that were resistant to the impalement of
water droplets and even ethanol droplets, while the processes
such as electron beam sputtering and lithography hinder the
large-scale preparation of this surface. Vasileiou et al.*’
enhanced the water repellency of substrate by tuning its
flexibility, which however limited the application of this
method on rigid substrates.

It is well known that SHS can reduce flow frictional
resistance and thus decrease fuel consumption of the
hull.'>***! However, the air layer on SHS is susceptible to
disruption from water impact,'’ resulting in wetting and
reduction of DR.” Thus, excellent ability of SHS to resist water
impalement ensures a sustainable and stable DR.'* To the best
of our knowledge, few articles have investigated both water
impalement resistance and DR concurrently.

In this paper, we propose a new method of introducing
parallel hydrophilic strips to the random-roughness SHS that
can simultaneously improve both water impalement resistance

and DR. These impalement-resistant drag-reducing surfaces
(SHS-s) are cost-effective, are free of fluorine, and can be easily
manufactured on a large scale. SHSs were able to withstand the
impact of water jets at speeds of 11.9 8.9, 6, and 4 m/s for 160,
1140, 2100, and 144,000 s, respectively. The DR of SHS was
measured to be 16.9% at a Reynolds number of 1.4 X 10%
Compared with SHS, the durations of SHS-s against the
impact of water jet increased to 360, 2100, 3600, and 252,000 s
at the same water jet speeds, and the DR at the same Reynolds
number elevated to 33.3%. The mechanisms for enhancing
water impalement resistance and DR were clarified exper-
imentally. Furthermore, different failure modes of SHS under
water jet impacts with short and long durations were
discovered to be the decay of the air layer and the destruction
of surface structures, respectively.

2. RESULTS AND DISCUSSION

2.1. Performance Characterization of SHS. The SHSs
were prepared using a two-step spraying technique (Figure 1a).
DR of SHS was tested using a Taylor—Couette (TC) device
that consists of an inner rotor and an outer rotor (refer to
Figure 1b). The specific dimensions of the inner rotor can be


https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig1&ref=pdf
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Figure 2. Hydrostatic pressure resistance of SHS at (a) 0—3000 mbar (the superhydrophobic surface appeared green in air, but when submerged, it
took on a silvery hue due to the presence of an air layer), and (b) 0—4000 mbar. (c) CA and RA of the SHS as a function of immersion time in

seawater.
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Figure 3. A water droplet impacted SHS at (a) 1, (b) 2, and (c) S m/s, respectively, with no signs of impalement.

seen in Figure lc. The SHS with different mass fractions of
polyethylene (PE) microparticles exhibited different DR within
the range of Reynolds numbers from 2.8 X 10° to 14 X 10%, as
shown in Figure 1d. The highest DR was achieved when the
mass fraction of the PE microparticles was 20%. This
formulation was used for all of the subsequent studies. The
SEM images showed that the SHS possessed hierarchical
structures consisting of microprotrusions and nanoparticles
(Figure le). As demonstrated in Figure S1, the SHS
maintained a CA above 150° and an RA below 10° after 12
cycles of tape peeling or exposure to 200 g of sand impact,
indicating its superior mechanical durability.

Malntamm§ the air layer on the SHS is crucial for practical
applications.’”*> To examine the air layer stability of SHS,
hydrostatic pressure was first applied to the submerged sample
(Figure 2a,b). At low hydrostatic pressure (0—3000 mbar), the
air on the surface was compressed into the micronano
structure’s pores as pressure increased, and the surface retained
a silvery reflection due to the stable presence of air. Upon
release of the pressure, the air layer of the SHS recovered,
indicating the stability of the air layer. However, when a higher
hydrostatic pressure of 4000 mbar was applied, only single
independent bubbles were formed on the SHS after reducing
the pressure, in which the air layer was not able to recover as

before. Second, SHS was immersed in seawater. It should be
noted that we define an SHS as one surface with a CA > 150°
and an RA < 10°. If the RA exceeds 10° or the CA falls below
150°, the SHS loses its superhydrophobicity. After 8 weeks of
immersion, the superhydrophobicity of SHS was still retained,
indicating its potential for long-term DR (Figure 2c).

The impalement resistance of the SHS to water droplet was
thoroughly investigated (Movie S1, Movie S2, and Movie S3).
Important moments during the droplet impact experiments at
various velocities were captured (Figure 3). At a low velocity of
1 m/s, the droplet impacted the surface and rebounded. At a
higher speed of 5 m/s, the droplet splashed into numerous tiny
droplets that were highly mobile on the surface. The contact
time was 5.1 ms for 5 m/s as opposed to 13.5 ms for 1 m/s,
which could be attributed to splashing at a higher Weber
number (We = pv’D/y, where p, v, D, and y represent the
density, velocity, diameter of water droplets or water jets, and
surface tension of water, respectively).”* No puncture marks,
such as tiny droplet residue® or liquid patches,*® were
observed after droplet impact, implying excellent super-
hydrophobicity of the SHS.

2.2. Performance Characterization of the SHS-h and
SHS-s-8 mm. Certain biological surfaces in nature have
hydrophilic and hydrophobic regions coexisting to achieve


https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig3&ref=pdf
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Figure 4. (a) Schematic diagram of SHS on a flat aluminum plate (left) and a TC rotor (right). (b) Schematic diagram of SHS-h on a flat
aluminum plate (left) and a TC rotor (right). (c) Schematic diagram of SHS-s-8 mm on a flat aluminum plate (left) and a TC rotor (right). (d)
Variation of CA and RA with the water impact time on three different surfaces. Note that the CA and RA of SHS-h or SHS-s refer to CA and SA in
the superhydrophobic region. (e) DR for three different surfaces at different Reynolds numbers.

specific functions. For instance, the back of the desert beetle
has both hydrophobic and hexagonal-like hydrophilic
regions.‘q’7 Taking inspiration from this, we added hydrophilic
orthohexagonal patterns or parallel hydrophilic strips to the
SHS to investigate whether they could improve water
impalement resistance and DR (Figure 4a—c). To create a
surface with hydrophilic patterns, a marker pen was employed
to draw the hydrophilic design on the SHS using a PPS mask
obtained through laser cutting, as illustrated in Figure S2.
Wherever the marker pen passes through the PPS mask, the
superhydrophobic area transforms into hydrophilic. The CA of
the hydrophilic region is 79.5°, as shown in Figure S3a. The
different surfaces are shown in Figure S3b—d. The geometric
parameters of the SHS-h and SHS-s-8 mm are depicted in
Figure 4b, c¢. The SHS-h and SHS-s-8 mm were able to
maintain their Cassie states for up to 240 and 280 s when
subjected to a water jet with an impact velocity of 11.9 m/s in
the normal direction (Figure 4d), representing SO and 75%
increases in duration compared with that of SHS, respectively.
However, the addition of hydrophilic ortho-hexagons to the
SHS resulted in increased drag, whereas SHS-s-8 mm exhibited
improved DR, as demonstrated in Figure 4e.

2.3. Performance Optimization by Using SHS-s. To
investigate the effect of hydrophilic strip spacing on DR, we
prepared SHS with varying hydrophilic strip spacings (Figure
S4) and tested their DR (Figure Sa). Our experimental results
indicate that incorporating parallel hydrophilic strips into SHS
improved their DR. Specifically, the DR of SHS-s-6 mm was
improved by 64 to 97% within the Reynolds number range of
2.8 X 10°~1.4 X 10* compared with that of pure SHS (Figure
Sa). When the TC rotor with SHS was submerged in water, the
air layer on the SHS accumulated at the top of the rotor due to
buoyancy (Figure Sb). This led to the exposure of the

roughness at the bottom of the rotor and an increase in form
resistance.”®”” When the TC rotor with SHS-s-6 mm was
submerged in water, the air layer is uniformly distributed on
the SHS between the hydrophilic strips (Figure Sb) due to the
energy barriers caused by the hydrophilic strips.*” It is the
stabilized air layer pinned by hydrophilic strips that results in
improved DR. Similar results have been reported in other
literature.*>*'

However, different from the previous work of Hu et al,* in
the current work, no additional air is injected to change the air
ring shapes before the DR tests. This is because the emphasis
of our study lies in exploiting the impalement-resistance
potential of partially superhydrophobic and hydrophilic
surfaces under the premise of acceptable DR. As expected,
the rotor surface, featuring alternating superhydrophobic strips
and hydrophilic strips, but without abundant air injection,
exhibits considerable DR across a wider range of Reynolds
numbers (2.8 X 10°—1.4 X 10*). Despite the fact that the peak
DR in our work is lower than that reported at the same Re in
Hu et al.’s study,” it is reasonable and perceived as the trade-
off between considerable DR and excellent water impalement
resistance.

The SHS-s-4 mm, SHS-s-6 mm, and SHS-s-8 mm surfaces
exhibited significantly improved DR, prompting further
investigation of their water impalement resistance. Water jets
with speeds (corresponding We) of 11.9 m/s (13616.3), 8.9
m/s (9792.4), 6 m/s (3461.5), and 4 m/s (1538.5) were
generated using water pumps. Experimental results revealed
that the SHS-s-4 mm, SHS-s-6 mm, and SHS-s-8 mm surfaces
displayed similar water impalement resistance under a water jet
flow of 11.9 m/s (Figure Sc). Among different surfaces, the
SHS-s-6 mm demonstrated optimal DR and water impalement


https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig4&ref=pdf
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Figure S. DR and water impalement resistance of the SHS and SHS-s surfaces. (a) DR for surfaces with different superhydrophobic strips at
different Reynolds numbers. (b) Left: the air layer on the TC inner rotor with the SHS surface (inside the rectangular box is the accumulated air
layer due to buoyancy); right: the air layer on the TC inner rotor with an SHS-s-6 mm surface (inside the rectangular box is the uniformly
distributed air layer due to hydrophilic strips). Variations in water CA and RA on different surfaces as a function of impacting time of water jet at
velocities of (c) 11.9 m/s, (d) 8.9 m/s, (e) 6 m/s (Ny =4, 7, and 11 mm), and (f) 4 m/s. Captured images of the water jet impacting on (g) SHS

and (h) SHS-s-6 mm at a speed of 11.9 m/s.

resistance, and thus, it was chosen for the subsequent water
impact test.

When subjected to water jets in the normal direction at
velocities of 11.9, 8.9, 6, and 4 m/s, the SHS-s-6 mm
maintained the Cassie—Baxter state for 360, 2100, 3600, and
252,000 s, respectively. In contrast, the SHS remained in the
Cassie—Baxter state for 160, 1140, 2100, and 144,000 s,
respectively (Figure Sc—f). Additionally, experiments have
been conducted on the SHS-s-6 mm by using three nozzles
with different nozzle diameters N; (4, 7, and 11 mm). As
shown in Figure Se, when the nozzle size exceeds the interval
width between stripes, specifically Ny = 7, 11 mm > 6 mm, the
jet impact area covers both SHS and hydrophilic stripes,
leading to significant and consistent impalement resistance
effects. On the contrary, for the case of Ny = 4 mm < 6 mm,

where water jet impacts on the area of pure SHS without
touching the hydrophilic stripes, the duration of the SHS-s-6
mm against the jet impact is similar to that of the SHS,
exhibiting no impalement resistance effects. This influence of
nozzle sizes on durations can further highlight the importance
of the hydrophilic stripes in water impalement resistance.

No water droplets were left on both the SHS and SHS-s-6
mm surfaces until they were respectively impacted by water
jets with a velocity of 11.9 m/s for durations exceeding 160
and 360 s (Figure Sgh and Movies S4 and S5).

The water jet impact resistance of SHS and SHS-s-6 mm at
varying velocities is summarized in Figure 6a. The results show
that the addition of parallel hydrophilic strips enhances the
impalement resistance of SHS-s-6 mm against water jets.
During impact, a water film formed on the surface. The water
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film could be clearly seen especially when the water jet impact
ended (Figure 6b,c and Movie S6). When the water jet
impacted on SHS, the air under the water film drained
everywhere along the surface structures of SHS. When the
water jet impacted on the SHS-s-6 mm, the water film,
together with the bottom SHS and the adjacent hydrophilic
strips, created a relatively enclosed environment that stabilized
the air layer (Figure 6¢), which could be easily observed under
low velocity water jets in Movie S7.

In the following discussion, we consider a representative
volume element (REV) extracted from the microstructure of
SHS and assume a mechanical quasi-static equilibrium within
the REV. First, microscale balance of pressure can be derived
from the Laplace equation, expressed as

PL - PG = PLaplace (1)

Here, the hydro-pressure P is mostly induced by water
hammer and the Laplacian pressure P, is limited by
capillary pressure P i.e, Pryjc. < P. Moreover, the gas
pressure P; of REV is obtained by the equation of state for
isothermal ideal gas

Foo _ B

o n ()

where the subscripts 0 and ¢ denote the initial state and the
state at t, respectively. The REV volume is presumed to remain
constant before the microstructure of the SHS is disrupted by

the water impact, i.e, V; = V,. As a result, Pg, and the moles of
gas 1, share a similar trend during jet impacts. As observed in
experiments, the gas inside the cavities of SHS is continuously
entrained by a water jet, leading to a gradual decrease in 1, and
consequently a decline in Pg ;. From eq 1, decreasing P, with
constant P (invariant jet at a single case) contribute to the rise
of Py piece Until P — P > P where the impalement occurs.

In our design, the hydrophilic stripes distributed on SHS
serve as barriers to prevent air escape induced by a water jet,
which lower the loss rate of 1, and that of Pg . According to the
aforementioned analysis, our design can therefore delay the
implementation process, which is termed as impalement
resistance.

Additionally, the water film may be able to cushion the
impact of the water jet. This combination of a stabilized air
layer and cushioning effect of the water film results in a
significantly enhanced impalement resistance of the SHS-s-6
mm surface.

Compared with other nonfluorinated SHS reported in the
literature, the SHS-s-6 mm presented in this work demon-
strates superior water impalement resistance, even surpassing
most fluorinated SHS (refer to Figure 6d and Table S1 for
details). The superior water impalement resistance can be
attributed to several factors, including the pores between
nanoparticles on the SHS, the flexibility of the SEBS binder,
the strong bonding between nanoparticles and the binder, the
stable air layer, and the possible buffering by the water film.


https://pubs.acs.org/doi/10.1021/acsami.3c18905?fig=fig6&ref=pdf
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The two-step spraying technique ensures that the pores
between nanoparticles on the SHS are sufficiently sm all to
generate a capillary pressure large enough to resist water
impalement. The flexible S EBS binder aids in dissipating the
impact energy, and the strong bonding between the nano-
particles and SEBS enables them to remain firmly i n place,
even after 80 h of impact (as shown in Figure 6f). Although
there are many SHSs with various hydrophilic patterns, we
only studied two typical surfaces, namely, SHS-h and SHS-s,
because SHS-s-6 mm already exhibits enhanced impalement
resistance and improved DR compared with the pure SHS.

After 380 s of water jet impact of 11.9 m/s, the CA of SHS-
s-6 mm was 160.2 + 1.2° while the RA was over 10°.
Unexpectedly, after drying, the CA increased to 163 + 3.2° and
the RA decreased to 8.6 + 1.2° (as shown in Table S2). SEM
revealed that the micro- and nanostructures on the SHS
remained intact (Figure 6e), which differed f rom previous
reports in the literature where the structure of the SHS was
destroyed, resulting in a loss of superhydrophobicity.””** The
structural integrity indicates that the failure of the SHS is solely
due to the replacement of air within the micronano structure
by water, and once dried, the superhydrophobic properties are
restored.

After being exposed to a 4 m/s jet for 80 h, the RA of SHS-s-
6 mm exceeded 10° and it still remained over 10° even after
the surface dried (as presented in Table S2). A considerable
amount of crack s formed on the surface after prolonged
impact; however, the nanostructure remained unharmed, as
observed in the SEM images (Figure 6f), which also explains
why CA remained almost unchanged. These cracks increased
the RA of the SHS, which in turn led to the failure of the SHS,
and the superhydrophobicity cannot be recovered by drying.

In general, for the case of short duration of water jet impact
even under high speed (11.9 m/s), the loss of surface
superhydrophobicity is attributed to the replacement of air
inside the micronano structure by water and the super-
hydrophobicity can be recovered by drying. For the case of
long-time impact even under low-speed water jet impact (4 m/
s), the loss of surface superhydrophobicity is due to the
material fatigue of the surface structure and it cannot be
recovered by drying.

3. CONCLUSIONS

This study is the first to demonstrate that the introduction of
parallel hydrophilic strips to a random-roughness SHS can
simultaneously enhance water impalement resistance and DR.
After the incorporation of hydrophilic strips, the SHS-s-6 mm
surface could withstand water jet impact at velocities of 11.9,
8.9, 6, and 4 m/s for durations of up to 360, 2100, 3600, and
252,000 s, respectively. This represents improvements of
nearly 125, 84, 71, and 75% compared with the original SHS.
The impalement resistance of the fluorine-free S HS-s-6 mm
surfaces exceeds that of most SHS reported in the literature,
even those containing fluorine. Compared with SHS, the DR of
SHS-s-6 mm increased by 97% at a Reynolds number of 1.4 X
10* reaching a maximum DR of 33.3%. The enhanced stability
of the air layer increases the water impalement resistance, while
the uniform distribution of air layer leads to improved DR.
Additionally, after a short-time impact of a water jet under high
impact speed, the lost superhydrophobicity could be recovered
by drying. The structure of the SHS remained intact but the air
within the nanostructure was replaced by water, resulting in
the loss of superhydrophobicity. However, after a long-time

impact, numerous cracks appear, resulting in an increase in RA,
and its superhydrophobic properties could not be restored by
drying. This low-cost, mass-producible, fluorine-free, impale-
ment-resistant, and drag-reducing surface holds great promise
for the DR of hulls, autonomous underwater vehicles, and
submarines.

4. EXPERIMENTAL SECTION

4.1. Materials. Styrene ethylenebutylenestyrene copolymer
(SEBS) was purchased from Boruida New Material Co. Polyethylene
micrometer particles (PE, 2000 mesh) were purchased from
Zhonglian Plastic Chemical Co. Butyl acetate and ethyl acetate
were supplied by the Beijing Tongguang Fine Chemical Co.
Hydrophobic fumed silica (AEROSIL R812s) was purchased from
Evonik. Polyphenylene sulfide (PPS) plastic sheet was provided by
Jinzhuo Plastic Industry Co. The marker pens (EB-150) used to draw
hydrophilic patterns were purchased from Kokuyo Commercial
Shanghai Co. The seawater was taken from the seashore of Weihai
City, Shandong Province, China. All reagents were used as received.

4.2. Preparation and Characterization of Superhydropho-
bic Surfaces and Superhydrophobic Surfaces with Hydro-
philic Patterns. To obtain the binder dispersion, SEBS (6 g) was
dissolved in butyl acetate (94 g), and the corresponding mass (0 0 3,
06, 1.2, 1.8 g) of PE was added to produce micrometer roughness
and thoroughly mixed. AEROSIL R812s (3.6 g) was ultrasonically
dispersed in a solvent mixture of ethyl acetate and butyl acetate (180
mL). The substrate was first sprayed with the binder dispersion,
followed by repeating the spraying process four times. The AEROSIL
R812s dispersion was then sprayed onto the SEBS layer, and the
process was repeated four times. After drying, AEROSIL R812s
nanoparticles were firmly attached to the binder, leading to an SHS.
The microstructure of the SHS was observed by scanning electron
microscopy (MAIA3 model 2016, TESCAN, Czech).

To incorporate hydrophilic strips into the SHS, masks featuring
parallel strips were cut from a PPS plastic sheet using a laser cutting
machine. The strips had a width of 1 mm and intervals of i mm (i = 2,
4, 6, 8, or 10). Employing these masks, parallel hydrophilic strips were
drawn onto the SHS with a marker pen. The resulting SHS-s were
denoted as SHS-s-i mm (i = 2, 4, 6, 8, or 10) (Figure S4). In addition,
the SHS with hydrophilic hexagonal patterns, denoted as SHS-h, was
obtained by using the same method as described above.

4.3. Testing of Wettability. The wettability tests were conducted
using a contact angle meter (OCA20, DataPhysics, Germany). The
CA and RA were measured using 6 and 8 uL drops of water,
respectively. Each value for CA and RA is the average of
measurements taken at four different locations.

4.4. Testing of Mechanical Durability. The mechanical
durability of the SHS was assessed by tape peeling and sand impact
tests. Tape peeling tests were performed using 3M’s VHB 4910 tape,
with a new tape used for each test cycle. In each cycle, a 200 g weight
was rolled over the tape twice, followed by tape peeling. The CA and
RA were measured every two cycles until the CA dropped below 150°
or the RA exceeded 10°. In the quartz sand (40—70 mesh) impact
test, the SHS was inclined at a 45°angle and a sand container was
positioned at a height of 40 cm above the SHS. To ensure that all
sand impacted the same location, a tube was used to extend the lower
end of sand container to the position right above the SHS.

4.5. Testing of Water Impalement Resistance. In the water
droplet impact test, a transfer pipet was used to release 8 yL water
droplets. These droplets fell freely from predetermined heights (5.1,
20.4, and 127.6 cm) onto the SHS and their impact was recorded by a
high-speed camera (Phantom Miro C210, Phantom, USA).

In the water jet impact test, a water circulation system was used to
generate water jets with different speeds (11.9, 8.9, 6, and 4 m/s). The
system consisted of a circulation pump and a water tank with a flow
regulator installed in the middle of the outlet pipe to adjust the water
flow rate. The velocity of water jet flow was calculated using the
following equation:



Vv
ar’t (3)

where Vis the volume of water flowing out at a certain time ¢ and r is
the radius of the outlet hole.

4.6. Testing of Drag Reduction. We conducted a DR
experiment using a Taylor—Couette (TC) device that consists of
inner and outer rotors. The inner rotor, which has a precision of
approximately 20 ym, is mounted to the freely rotating spindle of a
rheometer (DHR-2, TA Instruments, USA). The inner cylinder has a
radius of r; = 14 + 0.02 mm and the outer cylinder has a radius of ry =
20 =+ 0.02 mm, giving a radius ratio of 77 = 0.7. The height of setup is L
=42 + 0.02 mm, rendering an aspect ratio of I' = L/d = 7 due to the
fact that the gap between the two cylinders is d = ry — r; = 6 mm.
Throughout the experiments, the outer cylinder remained fixed and
the overall torque of the system was measured by the torque sensor of
the rheometer. Reynolds number is defined by

V=

rwd
v 4)

where o, is the angular velocity of the inner rotor and v is the
kinematic viscosity. In the present work, @; ranges from 30 to 150
rad/s, corresponding to a range of Re from 2.8 X 103 to 1.4 X 10* The
working liquid is ultrapure water at a temperature of 25 °C, with a
density of p = 997 kg'm™> and kinematic viscosity of v = 0.897 X 107°
m?s™'. The outer cylinder was surrounded by a PMMA cubic
circulating bath, which maintained a constant temperature for the
system.

The total measured torque (T) consists of two components, T and
Ty, corresponding to the frictional resistances caused by the sides and
the top/bottom ends of the cylinder, respectively. To determine T,
we used the linearization method previously employed by Greidanus
et al.** Therefore, T is calculated by subtracting the measured T, from
the measured T, as detailed in the previous article.* For each speed,
the torque T is measured for 30 s and three tests are conducted, with
the torque averaged across all runs. DR is defined as

Re =

- L
———— X 100%
ss Tb (5)

where T and T, represent the total torque of the smooth uncoated
and coated inner rotors, respectively.

T
DR =
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