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When a liquid droplet impacts a superhydrophobic surface with
anisotropic surface patterning in the form of alternating ribs
and cavities, the rebounding droplet may exhibit a unique
two-pronged jet emission. Droplet impact experiments with 11 dif-
ferent fluids of viscosity that varied by more than three orders of
magnitude were conducted, and this paper quantifies the Capillary
number, Ca, and Ohnesorge number, Oh, ranges over which the
two-pronged phenomenon occurs. For Oh> 0.0154, the behavior
was never observed, while at lower values of Oh, the behavior
occurs for an intermediate range of Ca that depends on Oh.
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1 Introduction

Droplet impact on surfaces has received considerable attention
in the past [1], with renewed interest recently motivated by advan-
ces in the fabrication of superhydrophobic surfaces [2,3]. When a
liquid droplet impinges on a hydrophobic surface at sufficiently
high impact speed, it flattens and spreads radially outward in a
radially expanding film flow, with the thin film region being sur-
rounded by a capillary rim. Surface tension forces pull inward on
the expanding droplet and eventually a maximum spread diameter
is reached and the droplet then collapses inward on itself. The
maximum spread diameter has received particular emphasis in
the literature for a variety of surfaces [4—6], with Marengo et al.
providing a review of droplet impact on flat and structured
surfaces [7].

Superhydrophobic surfaces are fabricated with the combination
of microscale surface patterning and a thin-film hydrophobic coat-
ing. Provided the Cassie state is maintained [8], liquid will wet
only the top of the microscale patterned features on the surface
over most of the spreading thin film region, although at the impact
point wetting of the patterned surface generally always occurs [9].
Consequently, an apparent slip velocity can exist at the tops of the
surfaces due to the trapped air in the cavity regions, which
increases with the relative size of the cavity regions [10]. Further,
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the liquid-surface contact angle increases significantly. These two
effects exercise influence on the overall dynamics of the droplet
spread and subsequent collapse. In general, increasing superhy-
drophobicity can lead to increased rebound velocity [11]. A recent
paper by Butt et al. provides an excellent overview of characteris-
tics of superhydrophobic surfaces, droplet rolling, impalement,
and collisions [12]. It is important to note that the size of the struc-
turing considered here is much smaller than the thickness of the
thin film for the expanding droplet, and consequently thin film
rupture and accompanying droplet splitting does not occur.

A recent paper by Pearson et al. explored droplet impingement
on anisotropic superhydrophobic surfaces that exhibit alternating
rib and cavity features [11], with cavity widths of nominally
32 um. Such features result in the contact angle and apparent slip
at the surface varying tangentially, with the apparent slip being a
maximum along the direction of the ribs/cavities (longitudinal
direction) and the advancing and receding contact angles being a
maximum in the transverse direction (perpendicular to the ribs/
cavities). Two liquid types were explored in the earlier study,
water and a 50%/50% by weight mixture of water and glycerol.
An interesting observation from this work is that at impact Weber
numbers, We = pV>D/o, greater than 70 the maximum spread in
the longitudinal direction exceeds the spread in the transverse
direction and the difference between these two quantities
increases with increasing We. p is the liquid density, V is the
droplet velocity at impact, D is the droplet diameter at impact,
and o is the liquid surface tension. This previous work character-
ized for the first time the maximal spread diameter in the two pri-
mary spreading directions (along and transverse to the ribs) for
both fluid types explored. A related and important result is that
under a certain range of conditions, the collapsing and rebounding
droplet was observed to exhibit a unique and previously unre-
ported two-pronged jet emission. This is illustrated in Fig. 1 where
the two-pronged emission is shown in the left panel of Fig. 1,
whereas in the right panel the jet emission when the two-pronged
emission does not prevail is shown for comparison. This two-
prong behavior is only manifest during the recoiling phase of the
droplets’ motion. Note that the camera viewing angle and the
lighting were slightly different for the two images of Fig. 1, even
though the surface characteristics were exactly the same.

A second recent paper also explored droplet impingement on
superhydrophobic surfaces with alternating ribs and cavities [13].
However, the spacing between ribs in this study was 173 um, 5.4
times greater than the width used by Pearson et al. and thus the
wettability of the surfaces is much greater. It is unlikely that dur-
ing droplet collision the Cassie state was maintained in their
study. They also observed anisotropy in the collision process, with
two prongs appearing. However, their results reveal the two
prongs forming during the spreading phase, as opposed to the
recoiling phase. This is likely caused by liquid penetrating the
cavities during the collision process and being expelled outward
along the cavities and resulting in greater mass moving parallel to
the cavities than transverse to them.

The previous paper by Pearson et al. observed for the first time
the existence of two-pronged jet emission during the recoiling
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Fig. 1 Example images of droplet impingement on anisotropic
superhydrophobic surfaces under conditions where the two-
pronged jet emission occurs (left) and where it does not (right)
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process, but only for a single Ohnesorge number, Oh = u/\/paD
~20.01. The focus of this paper is to completely characterize the
parameter space over which such two-pronged jet emission may
be expected to occur, which gives insight into the fundamental
mechanisms affecting the spread and recoil of droplets impinging
on rib/cavity structured superhydrophobic surfaces. Specifically,
we report experimental results that quantify the range of Ohne-
sorge numbers and Capillary numbers, Ca = Vyu/o = We'!/20h,
over which such two-pronged jet emission occurs, where p is the
liquid viscosity. Experiments were conducted for 11 different
liquids spanning the range 0.0017 < Oh < 3.0. This corresponds to
liquids varying in viscosity over more than three orders of magni-
tude and the results of this paper completely define the range of
parameters over which two-prong jets are expected to form on
anisotropic superhydrophobic surfaces.

2 Methodology

Droplet impact experiments were performed on a flat horizontal
surface. The droplets were released from a hypodermic needle at
varying heights above the surface of interest to vary the impact
speed. The droplet diameter was varied within the nominal
range of 2mm up to 6 mm using different needle sizes and the
impingement process was recorded with a 1024 x 1024 Photron
FASTCAM APX RS high-speed camera at 6000 frames per sec-
ond. The resulting images were processed to obtain the droplet
impact diameter, D, and impact velocity, V. These values, along
with the fluid properties (p, u, and o), were used to calculate the
dimensionless parameters of interest, namely, Oh and Ca.

The surface employed in the experiments consisted of microribs
and cavities which were then coated with Teflon [10]. A scanning
electron microscope (SEM) image of one of the structured and
Teflon-coated surfaces used is provided in Fig. 2. Noted on the
figure are the parameters w,., the width of a cavity, and w, the
combined rib and cavity module width. The cavity fraction for all
experiments reported in this study is F.=w./w=0.93. The com-
bined rib/cavity module width was w=40 um and the cavities
were 15 um deep.

In order to fully explore the two-pronged jet phenomenon, fluid
properties were varied using mixtures of water and glycerol.
Eleven different concentrations of glycerol were used in total, as
shown in Table 1, where fluid properties are specified according
to the percentage of glycerol (by mass). The mixture viscosity,
surface tension, and density were determined from the literature
[14-16]. As is illustrated in Table 1, viscosity varies by more than
three orders of magnitude, while density and surface tension each
vary by nominally 13%.

The impingement event was recorded from the two normal
directions: the longitudinal direction (liquid spreading/collapsing
parallel to the ribs) and the transverse direction (spreading/
collapsing perpendicular to the ribs). The liquid—solid advancing

[
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Fig. 2 SEM image of a superhydrophobic surface comprised
of alternating rib and cavity structures. The cavity width, w,,
and the combined rib and cavity width, w, are shown.
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Table 1 Density, viscosity, and surface tension for all fluids
employed in the experiments determined from the literature
[14-16]

% Density, Viscosity, Surface tension,
glycerol p (kg/m®) 1 (MPa-s) o (mN/m)
0 (pure water) 998 0.959 72.7
12.5 1014 1.341 72.07
25 1030 2.001 71.28
37.5 1046 3.254 70.32
45 1056 4.601 69.67
50 1062 59 69.2

55 1068 7.947 68.71
58.75 1073 10.06 68.32
67.5 1084 18.97 67.36
75 1094 36.84 66.48
100 1126 1500 63.1

and receding contact angles were measured using a goniometer
and the standard liquid addition approach to quantify advancing
and receding angles. This was done for the case of pure water and
the 50% glycerol mixture and these values are shown in Table 2,
with an uncertainty of nominally 1deg. As illustrated by the data
of Table 2 the contact angles for these two are nearly the same.
The contact angles of the remaining concentrations of glycerol
were all similar to those shown in Table 2, with the contact angles
decreasing slightly with increasing glycerol concentration.

The high-speed video images were used to determine under
what conditions the two-pronged jet emission occurs. The images
were also analyzed to determine the maximum spread diameter of
the droplets during the impingement process. Detailed information
on the experimental uncertainty can be found by Pearson et al.
[11]. The uncertainties in the maximum spreading diameter, the
impact Capillary number, and the Ohnesorge number were 7.7%,
5.3%, and 5.1%, respectively.

3 Results

The qualitative two-pronged emission is illustrated in Fig. 3,
where five sequences of photographic images during the droplet
impact, spread, collapse, and jet emission process are shown. All
five sequences were taken at Oh ~0.013, which is typical for the
50% glycerol mixture. Shown are images for the Ca regime just
prior to where the two-pronged phenomenon was observed (Fig.
3(a)), images of the two-pronged jets from the transverse view
(Fig. 3(b)), images of the two-pronged jets from the longitudinal
view (Fig. 3(¢)), images showing a top view (ribs and cavities ori-
ented top to bottom on the images) (Fig. 3(d)), and images for the
Ca regime after two-pronged jets are no longer observed and
where fingering and prompt splash are the dominant features (Fig.
3(e)). Figures 3(a) and 3(e) show the transverse view. The images
show, from top to bottom, a droplet at impact (time =0 ms), as the
jet is first visible (7.5 ms), and two images showing jet progression
(8.2 and 10 ms).

Table 2 Advancing and receding contact angles in the longitu-
dinal (L) and transverse (T) directions for pure water and the
50% glycerol mixture

Contact angle, 0 (deg)

Water 50% Glycerol mixture
Rib orientation ~ Advancing  Receding Advancing Receding
T 167.3 156.7 165.1 151.1
L 160.7 155.2 161.2 154.5
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Fig. 3 Shown are images for (a) the Ca regime just before two-pronged jets, two-pronged jets
from (b) the transverse view, (c) the longitudinal view, (d) the top view, and (e) the regime just
after two-pronged jets. For all image sets, Oh = 0.013. Images show, from top to bottom, a
droplet at impact (time = 0 ms), as the jet is first visible (7.5 ms), and two frames showing jet
progression (8.2 and 10 ms). Parts (a) and (e) show the transverse view.

For the case where Ca is below the range where two prongs are
observed (Fig. 3(a)), the jet is seen rising as a single coherent jet
throughout the process, as is typically observed for droplet impact
on hydrophobic surfaces. As seen in Figs. 3(b)-3(d), the two-
pronged jets are primarily evident in the transverse direction.
When viewed in the longitudinal direction (Fig. 3(c)), the two
prongs lie in the same plane and appear as a single jet. The final
image set, Fig. 3(e), shows the instabilities that are characteristic
of droplets impacting a surface at high Ca, beyond the range
where two-pronged jets are observed. These instabilities, evident
in the fingering and splashing that occur, are likely the reason that
two-pronged jets are no longer observed.

A physical explanation for the formation of the two-pronged
jets is evident in Fig. 3(d), the top view of the spreading and col-
lapsing process. It can be seen that the droplet spreads and retracts
at different rates in the two primary directions, the longitudinal
and transverse directions. This unequal retraction, caused by the
anisotropy of the surface and the resulting unequal shear stresses
and contact angles, results in the fluid retracting completely in the
longitudinal direction first. A noncircular jet is then ejected with
the fluid pulling away from the center causing a temporary separa-
tion into two coherent prongs. As the two prongs rise, the inward
motion and surface tension pull causes the prongs to eventually
coalesce into a single jet, frequently after emitting two separate
upward traveling droplets.

All data acquired for the different droplet diameters and fluids
were analyzed (over 800 independent experiments) and the data is
best correlated in terms of the Capillary and Ohnesorge numbers.
Figure 4 presents data up to Oh of 0.02, although data were
acquired all the way to Oh~3.0. Red markers correspond to the
events when two prongs were observed during rebound and the
blue markers correspond to the events when two prongs were not
observed. Indicated on the plot are upper and lower bound curve
fit lines (and there corresponding equations) that define the region
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where two-pronged jets are observed, where they are not
observed, and where they are interrupted by fingering and/or
splashing. It can be seen that the Ca range where two-pronged jets
are observed is very narrow at low Oh and increases to a fairly

0O  Two prongs not observed = Two prongs observed
— Eq.1
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r No data b
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Fig. 4 Plot of Capillary number, Ca, against Ohnesorge num-
ber, Oh. Impingement events that resulted in a two-pronged jet
are shown in red and the scenarios that did not result in two-
prong rebound are shown in blue. Equations for the upper and
lower lines bounding the two-pronged jet regime are noted on
the plot, with the fingering and/or splashing regime existing
above the upper bounding line. Also shown is Eq. (1), a prior
correlation from Ref. [17] to predict the onset of splashing for
impact onto a dry surface.
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constant range by Oh =~ 0.007. There is a portion on the plot where
there was no data acquired. This represents the region where Oh
would correspond to a fluid with properties between those of the
55% and 58.75% glycerol mixtures. No two-pronged jets were
observed above Oh =0.0154 (the 58.75%, 67.5%, 75%, and 100%
glycerol mixtures), although a gap in data exists between
Oh =0.0154 (55% mixture) and Oh = 0.0195 (58.75% mixture).

Recent works have defined the splash threshold for drop impact
onto a dry substrate [17—19]. At impact Reynolds numbers in the
range considered in this study, Palacios et al. [17] suggested the
following correlation for the critical Weber number at which
droplets are formed:

Wesplash = 58\/}% -+ 4-01,’(107 Ref1,97 (1

Equation (1) can be recast in terms of Ca and Oh and the resulting
equation is shown in Fig. 1, where values above the line corre-
spond to where a splash is predicted. Equation (1) differs mod-
estly from the observed transition line between where two-prong
jets were observed and where they were never observed. At low
values of Oh (<0.008) this difference is likely due to fingering
that occurs (prior to splashing), which distorts the retraction pro-
cess and causes a more chaotic recoil and jet formation. The liter-
ature does not give predictions for the onset of fingering, which
happens slightly below the onset of splashing. It should be noted
that the splashing threshold has been shown previously to depend
on the surrounding ambient pressure [20].

As illustrated in Fig. 4, the two-pronged jets are not observed
for every experimental trial in the regime where they occur, likely
due to initial asymmetries or oscillations in the droplet prior to
impact and that are formed during the droplet release and flight.
The probability of the two-pronged jets is characterized in Fig. 5
as a function of Oh. Probability within each range of Oh shown in
Fig. 5 was determined using data for all Ca values that fell within
the bounds where two-pronged jets were observed in Fig. 4. The
probability of occurrence is also a function of Ca, as suggested by
the data of Fig. 4. At a given value of Oh, the greatest likelihood
of occurrence occurs at a value of Ca that is approximately mid-
way between the upper and lower bounding lines shown in Fig. 4.
The previous work describing two-pronged jets [11] provides the
probability of two-pronged jets for the 50% glycerol mixture
(Oh=0.011-0.012) as a function of We (or Ca). At Oh=~0.011,
the probability of occurrence increased from approximately 0.2 at
the lower bounding limit to approximately 0.65 at a value of Ca
midway between the two bounding limits. It then decreased to
nominally 0.15 at the upper bounding line. A similar distribution
in probability with varying Ca prevails for each fluid type

0’8 LT 1T 1771 I T 1T T 7T I T 1T 1T I T 1T T T I T T T T I_
0.6 — —
N 04 -
i No Neve
0.2 __ Data ObsevrvE:d __
L . -+ | ——— |
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I_
0.000 0.005 0.010 0.015 0.020 0.025
Oh

Fig. 5 Probability, P, of observance of two-pronged jets as a
function of Oh. Probability is taken within the region of Ca
where two-pronged jets are observed.
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(varying Oh) explored here, although additional data are neces-
sary to accurately define the probability distribution as a function
of both Oh and Ca. Over the full parameter range where two-
pronged jets were observed (seen in Fig. 4), the overall probability
of occurrence was 50%.

The reason that the two-pronged jets no longer exist above
Oh~0.00195 is likely due to the reduced spread of the droplet
concomitant with increasing viscosity. The influence of the super-
hydrophobic surface on the droplet motion increases as the droplet
spread increases, since at larger spread diameters the droplet
thickness decreases significantly. It has been well established that
the influence of superhydrophobicity on apparent slip at the sur-
face is more manifest as the thickness of the liquid layer decreases
[10]. Thus, at large Oh, where the spread is smaller, the difference
in the influence of the surface on the droplet spread and retraction
in the two primary spread directions is small. However, when the
droplet spread is greater, the anisotropy of the surface and the
thinness of the spreading droplet together result in varying slip-
page along the two primary spreading directions, which gives rise
to the two-pronged jets. Clavijo et al. have presented an analytical
model of drop impact on anisotropic surfaces and their model
results reveal droplet spreading that is consistent with this expla-
nation [21]. It should also be noted that we have also conducted a
wide array of experiments on surfaces with poststructured features
of similar cavity fraction as the rib-cavity surfaces. Two pronged
jet emission was not observed for these surfaces at any impact
condition, supporting the hypothesis that the formation is caused
by anisotropy in the apparent fluid slip at the surface.

Figure 6 shows the relative maximum diameter spread in the
transverse spread direction, D,,/D, as a function of Oh for three
values of We (100, 150, and 200), where D is the droplet diameter
just prior to impact and D,, is the droplet diameter at the point of
maximum spread. Because the two-pronged jets are visible only
in the transverse direction, data for the longitudinal direction was
not collected. The relationship between the two directions has
been described previously [10]. Each data point represents the
maximum relative spread calculated using a least-squares fit to a
small range of data taken at the given value of Oh. Also shown in
Fig. 6 is a dashed polygon shape that defines for what scenarios
the two-pronged behavior prevails. In addition, least-squares
power law fits to the We = 100 and 200 data sets are shown on the
figure. As can be seen, the droplet spread decreases as Oh
increases for all values of We until they essentially converge at
Oh ~ 3, which corresponds to 100% glycerol. D,,/D ranges from
nominally 3 (We =100) to 3.3 (We =200) at the bound between
two-pronged jet occurrence and the existence of fingering or

4 K T

o We=100
s e We=150

; A We =200 .
1790177
— 1.690h"
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(UR
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Fig. 6 Plot of maximum relative diameter in the transverse
spread direction, D,,/2, as a function of Oh. Maximum diameter
data was taken at three Weber numbers, as shown. Also shown
are least-squares power law fits to the data for We =100 and
200 and a line corresponding to Eq. (2), where We = 200.
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splashing. At the lower bound D,,/D ranges between 2.6 and 3.
Figure 6 represents D,,/D data over the largest range of Oh that
have been reported in the literature to date, and the overall varia-
tion in D,,/D as a function of Oh is a secondary but important
result from this work.

Also shown in Fig. 6 is a line corresponding to Eq. (2), with
We held constant at a value of 200

D,

o= 0.87We!/1°0n!/> — pWe=3/1°0n 2/ )

Equation (2) follows Eq. (13) in Ref. [12], where these authors
propose the value of §=0.48 to best match available experimen-
tal data. Note that prior experimental data has generally included
only relatively small values of Oh, with water being the most
common liquid considered. Figure 6 reveals good agreement
between our present data and Eq. (2) for We =200 and at values
of Oh typical for previous studies. As Oh gets very large (=3),
much greater deviation between our data and Eq. (2) exists and
this feature deserves future attention.

4 Conclusions

Droplet impingement experiments have quantified the parame-
ter ranges where the two-pronged jet phenomenon is likely to
occur on anisotropic superhydrophobic surfaces comprised of ribs
and cavities. It was determined that Oh and Ca are the primary
influencing parameters. Two-pronged jets were never observed
above Oh=0.0154. For increasing Oh, the range of Ca where
two-pronged emission is observed increases. The two-pronged
jets are most likely caused by unequal droplet spreading and
retraction velocity that is a result of the anisotropic surfaces that
were employed in the study. They are not observed for high Oh
due to the smaller spread diameter and concomitant thicker
droplets, characteristic of high viscosity fluids. Impingement
experiments conducted on superhydrophobic surfaces that exhibit
isotropic slip have also been conducted, where two-prong jet
formation was not observed, supporting this hypothesis.
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