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Abstract

Super water-repellent surfaces occur naturally lantp and aquatic insects and are created in the
laboratory by combining micro or nano-scale surfag®graphic features with hydrophobic surface
chemistry. When such types of water-repellent segaare submerged they can retain a film of air
(a plastron). In this work, we report measurementhe terminal velocity of solid acrylic spheres
with various surface treatments settling underaittéon of gravity in water. We observed increases
in terminal velocity corresponding to drag reductad between 5% and 15% for superhydrophobic
surfaces that carry plastrons.
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A droplet of water placed on a smooth hydrophotefich ” surface adopts a hemispherical
shape. For the droplet to completely ball up andofi the surface requires the water repellency
provided by the surface chemistry to be amplifigdt®e effect of surface topography. By creating a
structure that appears to a water droplet as aobedils (orfakir's carpet) so that the surface
becomes superhydrophobic, droplets can be madelitdreely’® Recently, many man-made
materials have been designed to mimic these effmatisso create simple and functional, self-
cleaning, water-repellent surfacesA wide range of researchers have also speculatetl a
investigated whether such superhydrophobic surfa@gsalso provide a mechanism to create a slip
boundary condition and so reduce drag on fluidsdijd walls® It has been speculated that drag
may be reduced when water flows across superhydbptsurfaces and results from plates and
microfluidic channels suggest some drag reductioghtmexist. However, these systems have
mostly considered flow through microchannels or wdeplates within, e.g. cone-and-plate
rheometers, and some results have been the sabjeontroversy. In this report, we explore the
possibility of drag reduction using a simple teratigelocity experiment using small solid spheres.
As a sphere settles in water it will reach a teahiwelocity, Ur, determined by the drag of the
surrounding water and this is not normally depehdenthe surface chemistry of the object. In the
present study, we show how coating surfaces witfrdphobic sand can reduce drag in a classic
terminal velocity experiment. This reduction can élained by considering the effect of a
plastron film of air retained at the surface of sorsuper water-repellent materials. The
understanding gained introduces a new factor iheodesign of drag reducing surfaces and has
wide applicability.

In our experiments, we used a column of water ¢oathwithin a large transparent acrylic
cylinder (0.65 m diameter and 2.2 m height). Fgllimbjects were created from commercially
available acrylic spheres of nominal diametersiifwperial units) of 17, 1%” and 2” (measured
values of 2.533 cm, 3.816 cm and 5.071 «
with an accuracy oft50 pm) and typical
masses of 10.1 g, 345 g and 83.6 g.
camcorder operating at 30 frames per sect
was located 1 m below the top of the surface
water and used to film the spheres as they
through the column of water and the termir
velocity calculated from the video analysis (Fi
1); all terminal velocities reported are averac
from at least eight drop experiments. Since tpg 1 A sequence of three imagescfashowing ¢
spheres fell with a slight side-to-side oscillatoggmparison of settling in water of a 1% inch dian
trajectory the velocities provided in this repostrylic sphere with three different surface coaingact
are the vertical components of terminal velocityiage consists of a composite of three frames fiioree

although not reported here we also Conducfgféerent experirents; the sequence of frame selected i
one corresponding to the medi@nmminal velocity for tha

experiment using weighted spheres with C?E{ﬁface coating from a set of ten drop tank expemis
shaped ends and these fell with a verticale object on the left in each image is an acrylibese
trajectory. To verify the accuracy of theith a thin layer coating of sieved afp sand with grai
measurement approach, a separate set siggfs below 5Qum. The object in the centre in each im:
experiments was conducted using a laser béaﬁl‘pe same acrylic sphere with its thin layerating ol

trigaered timin ate svstem positioned so tSI ved sharp sand, but with an additional coatifighe
99 g9 y P EC superhydrophobic painthe object on the right i

the speed of falling (_)bjeCtS could be calculatgghh image is the same as in the cebuewith an ethanc
over two consecutive depths. From thege-treatment to suppress the formation of a astr
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arrangements we confirmed that terminal velocity baen achieved. Typical terminal velocities
were[0.42-0.56 m$ giving Reynolds numbers &e11x10*-3x10% these Reynold’s numbers are
well above those for which Stokes law would bedzali

To determine the effect of extreme water-repelletive surfaces of the spheres were treated
with a range of hydrophobic and superhydrophobitings and contact angles and contact angle
hysteresis measured using a Kriiss contact angler.mit create a base surface topography for
superhydrophobicity, we used a coating of sharm ssieved to give three grain sizes, 300 um to
350 um, 100 pm to 150 um and below 50 um. Thessdayere subsequently treated with either
HIREC-1450 (super)hydrophobic spray paint or a wpteofing agent designed for Gorefex
clothing (Granger’'s Extreme Wash-in) to provideyalfophobic surface chemistry; we also used
commercially available superhydrophobic sand (Magand“) coated directly onto the acrylic
spheres. For comparison, experiments using the B{RE50 and the Granger's Extreme Wash-in
coated directly onto the acrylic spheres were peréal. The blank (acrylic) surface gave a contact
angle of (65+#5) and the sharp sand gave’ ®n all grain sizes. The HIREC-1450
(super)hydrophobic spray paint gave a high condagle of (150+1F)with low hysteresis even
when sprayed directly onto a smooth surface. Alirbphobic sand-coated surfaces had contact
angles in excess of 15and showed low contact angle hysteresis.

All superhydrophobic-coated spheres were obsemvdthve a silvery sheen when submersed
in water, indicative of a film of air (a plastrorgtained at their surfac&s’ A plastron structure,
used by some aquatic insects to extract oxygermttirlom water without the need for gills, is a
superhydrophobic surface that also conveys theiaddl property of fixing to the body a thin film
of air®'° To compare the effect on terminal velocity of ggisewith and without this surface
retained film of air we developed a wetting outqadure to prevent the formation of a plastron.
Immersing a superhydrophobic sphere into ethanedesthe liquid to come fully into contact with
the grains of sand coating the surface of the gpl@nce a sphere had been fully wetted due to the
ethanol, it was transferred into a container ofew#itus ensuring the surface remained completely
wetted, but with the ethanol having been replacgdwater. Drop testing of these pre-wetted
spheres in the column of water allowed terminalbe®y measurements to be made with non-
plastron bearing hydrophobic sand-coated spheres.

In our experiments we did not observe any significdifferences in terminal velocity
between the bare acrylic surfaces and the acrylifases treated with either of the hydrophobic
coatings; it was visually noticeable that an acrgjphere with the HIREC-1450 coated directly onto
it without a sand-coating did not possess a plastidowever, we did observe an increase in
terminal velocity when plastron-bearing superhyti@pc spheres were drop tested. As an
example, when a thin layer of sieved sharp sand grin sizes below 5@m or between 100-150
um was coated onto a sphere, only a small increagerminal velocity was observed; this is
consistent with a small overall increase in denfitythe sphere. However, when the same sphere
was subsequently treated with the water-proofirenagesigned for GoreT&xlothing (Granger’s
Extreme Wash-in) and the terminal velocity measuwagdin, a significant increase was observed
(Fig. 2a-c). The same results were observed foHihec-1450 treated sand-coated spheres. Drop
testing of pre-wetted spheres in the column of wallewed terminal velocity measurements to be
made with non-plastron bearing hydrophobic sandecba&pheres. In all cases, the measured
terminal velocity for the non-plastron bearing ssereturned to values close to those observed for



the sand-coated spheres prior to their hydrophatgatment. This method provides a direct

comparison of the terminal velocity of any indivedwsuperhydrophobic sphere with and without a
plastron (Fig. 2a-c). To confirm the effectivene$this method, we also coated our spheres with
commercially available hydrophobic sand, Magic S@ndnd increases in terminal velocity were

observed in water when the spheres carried a ptaffig. 2d).

To convert terminal velocities to a drag forEg, on a sphere considEg=%:Cq0AU? wherep
is the density of the fluidA is the cross-sectional area of the spherés the speed of the fluid
relative to the solid anReis the Reynolds number, which gives a measuréefdtio of inertial
forces to viscous forcés.In general, the coefficient of drag depends onRegnold’s number and
the surface roughness. For our Reynold’s numbeyer@e1x10" to 3x10) the co-efficient of drag
is inversely proportional to the square of the iamhvelocity (i.e.CqO 1/ U%). Moreover, a
superhydrophobic sphere tested with and withouethanol wetting out procedure has no change
in surface roughness. Therefore, the effect ofpthstron on drag can be estimated frofi= C4°

(Ur¥U")?, where the superscriptindicates

0.46 0.51

a plastron bearing sphere and the superscrig ;s 2 450 {(0)
e indicates the same sphere with the ethan§ o £ 049
pre-treatment to prevent formation of thes 043 2 0481

g o042 S 047 £ 18

plastron. In our experiment using a settlings
sphere, the additional buoyancy due to th* 040
air within a plastron means that our estimat:
of the reduction in drag is an underestimatez oo
From this we deduce that the plastror ose
induced by superhydrophobic sand reduce °*°
the coefficient of drag by between 5% ancg
15%. Fig. 3a shows both the accuracy fo" s, ; 0.38 -
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repeated experiments with a_nY .glven SamrHig. 2. Terminal velocities (vertical componentsieasured fo
(error bars) and reproducibility betweegpheres with and without hydrophobic sand surfatsHes. §)
samples (representing surface preparatiesur spheres with inch diameter and various surface finisl
and sphere uniformity). To estimate thehe first group of four bars shows one sphere whitghfollowing
thickness of plastrons induced on tRgguence: (i) blank surface (unfilled bdii) surface coated wit

spheres. we prepared glass miCrOSCOsieved sand of below 50m grain size (diagonal pattern b
P ! prep 9 (ﬁ& Granger's Gore-TeX waterproofing treated sand surf:

SHde_S with the_ same _hydr_ODhObiC S_ar(%aded bar), and (iv) Granger's Gore-Tewaterproofinc
coatings of various grain sizes. By firsteated sand surface with ethanol pre-treatmentprevent

immersing these slides in a container filléfdrmation of a plastron (dotted bar); each bepresents th

with water and then with the container fillegverage terminal velocity fromat least eight drop tar
. . _measurements. The second group of four bars is leatepof
to the same level with ethanol, Whlcﬁe samesequence using a new sphere. The third group ol

complet_ely wets the hydmphObi_C sand, aRgrs uses a superhydrophobic paint (HIREA50) to impar
measuring masses we estimated tWeter repellency (lighter shaded bar) and thetfogroup of

thickness of the resulting plastrons. THeur bars isa replicate of the same sequence using a newes,

thickness of the plastron increased Wiﬁﬁ) and €) are repeats ofgf using 1% inch and 2 inch diame
rain size fraction from tens of microns ts heres, respectivelyd)( shows the terminabelocity in watel
9 Shaded bar) and then in water, but with an ethprereatmen

hur_‘dreds of microns. (Fig. ?’.b); thesg prevent the formation of a plastron (dotted béoy two
estimates were consistent with valuegheres of each diameter coated in commerciaihilable

observed with a travelling microscope.  superhydrophobic Magic Said.
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To understand why a reduction in drag ° § 300

might be associated with the formation of a , | (a§)§§§ 2! 553 % %2;’;2 (b) +

plastron, first consider a low Reynold’ss E% % §§§ : £ 150 ] e

number terminal velocity experiment with & °81 Eloo' .

solid sphere. If this solid sphere is replaced by, f...o. . . ] &8 0 F

a bubble of gas of the same diameter the o 4 8 12 16 0 100 200 300 400 500
Sample Grain Size of Sand / pm

.StOkes’ drag with a drag coeff|C|eﬁg:24Be Fig. 3. (a) Estimates from the daia fig. 2 of the ratio o
is replaced by Hadamard-Rybczynski draghg coefficients with ah without plastron using tt
with a reduced drag coefficienf;=16/Re terminal velocity measured with the plastron bepsphere
which is 33% lowel! This is because then water and the same sphere using an ethandteatmen
replacement of the solid-water interface by ghpreven_t the formation of a plastrc_)b) (I'hickngss ofthe

. . . lastron in water measured on sieved fractions asfds
air-water interface allows the tangentlgl stre Sssessing ) a HIREC-1450 hydrophobic paioating
from the external flow to induce an intern@}iamonds), iy a Grangers Gore-Texwaterproofing
circulation within the bubble. A similar(riangles), and i) commercially  available
situation is known to occur in complexuperhydrophobic Magic Sand(squares).
compound multiphase droplets constructed with aterofluid shell and an inner core fluid, so-
called encapsulated droplets. Rushton and Daviegedean analytical solution for a spherical core
fluid with a concentric spherical fluid shell, whipredicted that both the core and the shell have
internal circulations and so result in a correctiorStokes’ drag®> When the concentric fluid shell
consists of air, the correction factor tends to eamard-Rybzcynski bubble correction factor
provided the thickness of the shell does not beceamishingly small, thus preventing circulation
of air within the concentric spherical shell sumding the solid core. At higher flow speeds, with
intermediate Reynolds number, such as in our exyseris, the wake behind a solid particle changes
from an attached laminar wake to a separated waaiek ultimately to a turbulent wake. However,
the internal circulation within a bubble possessang uncontaminated interface to the liquid
changes the wake separation of the external lijulthe consequent reduction in drag compared to
a solid sphere has been reported in the literdtura fluid film encapsulated spherical fluid drepl
using numerical simulations wifRe=200-1000"* These considerations indicate that drag reduction
might require not just a superhydrophobic coatimgf, also one which retains a sufficiently thick
plastron. This would explain why the HIREC painhich derives its superhydrophobicity from the
inclusion of small Teflon particles of around 406 miameter, does not result in drag reduction
when applied directly to an acrylic sphere, butsdaden applied on top of a layer of larger sand
grains. These considerations introduce a new fag&termining frictional drag, which is the
combined effect of surface chemistry and surfapedoaphy.

In conclusion, our results have demonstrated thdtse coatings can be designed using a
suitable combination of hydrophobicity and smakiscsurface structure to reduce frictional drag in
liquids. The concept is simple, and powerful, reiqgi only a non-wetting surface that retains a film
of air. This implies that whilst some aquatic insebave naturally evolved plastrons to breathe
underwater, a similar structure can also be engete® decrease drag. Plastron drag reduction
concepts are promising for all situations in whidlore efficient transport of a solid through a
liquid, or of a liquid across a solid surface,aguired.
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