. HOKKAIDO UNIVERSITY

Title Wetting failure in the early stage of water drop impact on a smooth solid surface
Author (s) Adachi, Ryunosuke; Kobayashi, Kazumichi; Fujii, Hiroyuki et al.
Citation Physics of fluids, 34(6), 62116
https://doi.org/10. 1063/5. 0096813
Issue Date 2022-06-22
Doc URL https://hdl. handle.net/2115/89984
This article may be downloaded for personal use only. Any other use requires prior permission
of the author and AIP Publishing. This article appeared in Ryunosuke Adachi, Kazumichi
Rights Kobayashi, Hiroyuki Fujii, Toshiyuki Sanada, and Masao Watanabe, "Wetting failure in the early
stage of water drop impact on a smooth solid surface”, Physics of Fluids 34, 062116 (2022) and
may be found at https://aip.scitation.org/doi/abs/10.1063/5.0096813.
Type journal article

File Information

5.0096813. pdf

kaido
Sl

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




%)
2
1=
LL
U
O
7]
i
7
>
L
ol

Wetting failure in the early stage of water
drop impact on a smooth solid surface

Cite as: Phys. Fluids 34, 062116 (2022); https://doi.org/10.1063/5.0096813

Submitted: 22 April 2022 « Accepted: 05 June 2022 - Accepted Manuscript Online: 06 June 2022 -
Published Online: 22 June 2022

Ryunosuke Adachi, "' Kazumichi Kobayashi, "' Hiroyuki Fujii, et al.

AN

) &S @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Interface evolution characteristics of dual droplet successive oblique impact on liquid film
Physics of Fluids 34, 062115 (2022); https://doi.org/10.1063/5.0096585

Dynamics of droplet impact on a superhydrophobic disk
Physics of Fluids 34, 062104 (2022); https://doi.org/10.1063/5.0091277

Contact time of a droplet impacting hydrophobic surfaces
Physics of Fluids 34, 067104 (2022); https://doi.org/10.1063/5.0092707

APL Machine Learning
Open, quality research for the networking communities

Now Open for Submissions

LEARN MORE

Phys. Fluids 34, 062116 (2022); https://doi.org/10.1063/5.0096813 34, 062116

© 2022 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1828086&setID=405127&channelID=0&CID=673335&banID=520713627&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=cb450c644192f6d07e8140f14bd5be686232c949&location=
https://doi.org/10.1063/5.0096813
https://doi.org/10.1063/5.0096813
https://orcid.org/0000-0002-7766-8581
https://aip.scitation.org/author/Adachi%2C+Ryunosuke
https://orcid.org/0000-0001-8842-469X
https://aip.scitation.org/author/Kobayashi%2C+Kazumichi
https://orcid.org/0000-0002-7528-7654
https://aip.scitation.org/author/Fujii%2C+Hiroyuki
https://doi.org/10.1063/5.0096813
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0096813
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0096813&domain=aip.scitation.org&date_stamp=2022-06-22
https://aip.scitation.org/doi/10.1063/5.0096585
https://doi.org/10.1063/5.0096585
https://aip.scitation.org/doi/10.1063/5.0091277
https://doi.org/10.1063/5.0091277
https://aip.scitation.org/doi/10.1063/5.0092707
https://doi.org/10.1063/5.0092707

scitation.org/journal/phf

Physics of Fluids ARTICLE

Wetting failure in the early stage of water drop

impact on a smooth solid surface

Cite as: Phys. Fluids 34, 062116 (2022); doi: 10.1063/5.0096813

Submitted: 22 April 2022 - Accepted: 5 June 2022 -
Published Online: 22 June 2022

©

View Online

®

Export Citatior CrossMark

Kazumichi Kobayashi,’
1,a)

Ryunosuke Adachi,’
and Masao Watanabe

Hiroyuki Fujii,'

Toshiyuki Sanada,”

AFFILIATIONS

'Division of Mechanical and Aerospace Engineering, Hokkaido University, Sapporo 060-8628, Japan
?Department of Mechanical Engineering, Shizuoka University, Hamamatsu 432-8561, Japan

2 Author to whom correspondence should be addressed: masao.watanabe@eng.hokudai.ac.jp

ABSTRACT

A water drop impacting a dry solid surface can eject a thin liquid sheet, which is forced to expand on the surface to wet the solid surface.
Wetting failure, which produces defects in applications based on the impact of drops, including coating, cooling, cleaning, and printing, may
occur with a sufficiently large liquid-sheet velocity. However, the exact onset of wetting failure when a drop impacts the surface has yet to be
determined. Therefore, we examine the dependence of rim instability immediately after liquid-sheet ejection on the static contact angle of
the solid surface at the instant of water drop impact. This study is the first attempt to solve this problem and is made possible only by using
an ultra-high-speed camera. We revealed that wetting failure can occur by investigating the rim instability of the liquid sheet.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096813

I. INTRODUCTION

A fast-moving thin liquid sheet can be ejected across a solid surface
when a drop impacts this surface. ' Wetting a solid surface using an
ejected liquid sheet is essential in many physical problems and practical
applications, including thermal spray coating,' ' spray cooling,"* sur-
face cleaning,'” fuel injection in internal combustion engines, ® and ink-
jet printing.'”'® However, wetting may fail, destabilizing the contact
line, forcing the dynamic contact angle 0, to approach a maximum
value of 180°,"" ' and causing the entrainment of gas bubbles” when
the liquid-sheet velocity exceeds the critical velocity. Thus, wetting fail-
ure may produce defects in these applications.

Wetting failure, which depends on the static contact angle 0, of
the solid surface,” ** has been suggested to cause splashing.”” If wet-
ting failure occurs at drop impact, splashing should depend on 0..
However, certain studies have concluded that the surface wetting
properties do not affect the splashing threshold.”” *’ In contrast,
others have shown that splashing depends on either 0" or 0" The
extent to which splashing depends on 0; remains unclear. Thus, to the
authors’ knowledge, the onset of wetting failure at the instant of drop
impact has yet to be elucidated. Importantly, all these studies observed
the occurrence of splashing in the late stage of drop impact when
7(= tV/R;) was greater than 0.4, " where V is the impact velocity
of the drop, Ry, is the bottom radius of curvature of the drop, and ¢ is
the time after the instant of impact.

In contrast, the occurrences of splashing in the early stage
(tr < 0.2) of water drop impact on a smooth glass surface with typical
roughness of a few nanometers were observed.”””” These results indi-
cate that splashing can be observed in the early stage (r < 0.2) of
water drop impact on a glass surface when the surface is smooth
enough. Considering that the liquid-sheet velocity (ie., the liquid-
gas—solid contact-line velocity) can be expressed in proportion to
(z71/2),77%1% the contact-line velocity can become extremely large
when 7 is small. This extremely large velocity can exceed the critical
velocity to cause wetting failure. Thus, wetting may more likely fail in
the early stage (t < 0.2) than in the late stage (t > 0.4) of drop
impact. The typical shapes of impact drops when 7 < 0.2 and 7 > 0.4
are shown in Figs. 1(a) and 1(b), respectively.

This study used a Shimadzu HPV-1 ultra-high-speed video
camera at a frame rate of up to 1000 000 fps. We observed the thin
liquid sheet ejected at the instant when a water drop impacts a
cover glass with a roughness of a few nanometers and the subse-
quent onset of wetting failure in the early stage (7 < 0.2) of water
drop impact. We prepared cover glasses with different wettabilities
to examine the 0;-dependence of the onset of wetting failure.
Finally, we discuss the applicability of the proposed theoretical
models,”*”° which explain the dependence of 0,; on the contact-line
velocity of a liquid film on a solid surface with 0, in predicting our
experimental results.
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Il. EXPERIMENT SETUP

A water drop was released from a needle with an inner diameter
of 0.41 mm (22G; Terumo needle). Then, the water drop collided with
a cover glass (C218181; Matsunami Glass Ind., Ltd.). The impact was
observed from underneath the cover glass™ using a long-distance
microscope with a resolution of 23.8 um/px. The optical axis of the
camera was tilted from the direction of gravity by 20°. We captured
the expansion of the liquid sheet at a frame rate of 1000000 fps and
the occurrence of splashing, which was visually identified when at least
one daughter droplet was ejected from the rim of the liquid sheet, at a
frame rate of 500000 fps. Further discussion on exposure time for
observing drop impact is provided in Appendix A. The impact velocity
V was measured using a NAC HX-3 high-speed video camera at a
frame rate of 10000 fps. Changing the release height from 0.45 to
1.25m controlled V in the range of 2.9 to 4.6 m/s.

The shape of the drop deforms during the free fall.”* Assuming
the drop had an elliptic shape, the equivalent spherical radius R, and
the bottom radius of curvature R, were estimated as R, = Dy 3 Dz/ ? /2
and R, = D2 /(2D,), respectively,”""” where Dj, and D, were the hori-
zontal and vertical diameters of the drop at impact, respectively. In
our experiments, R, was 1.49 = 0.0265 mm, and R, was 1.54 = 0.137
mm.

The static contact angle 0, of the cover glass was measured using
a polynomial fitting method.” The measured 0, values of the surfaces
of the non-treated cover glasses were 43.7° = 3.23° (top face) and
61.5° = 4.02° (bottom face). The surface roughness R, (arithmetical
mean deviation of the assessed profile) of both top and bottom faces,
which were measured using an atomic force microscope (MFP-3D-
BIO-J; Asylum Research), were the same: R, ~ 2.2 nm. Some cover
glasses were treated with atmospheric nitrogen plasma (P500-SM;
Sakigake-Semiconductor Co., Ltd.) to render them more hydrophilic,
with 0, as small as 6.1°. Others were coated with fluorine resin film
(FluoroSurf FS-1600; FluoroTechnology Co., Ltd.) to render them
hydrophobic, with 0 as large as 109°. Further explanation of plasma
treatment of glass surface is provided in Appendix B.

Ill. RESULTS
A. Observation of wetted area and thin liquid sheet

Consecutive images of a water drop impact, observed from
underneath the cover glass, are presented in Fig. 2 (Multimedia view).
Figures 2(a) (Multimedia view) and 2(b) (Multimedia view) show
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FIG. 1. Expansions of a liquid sheet (a) at
= 0.149 and (b) at = = 0.446. A water
drop with an R}, of 1.46 mm impacting a
cover glass with V of 3.39m/s and 05 of
75.8° caused the liquid sheet to expand.
Neither wetting failure nor splashing was
observed under these conditions.

those with hydrophobic surface (0, =75.8°), and Fig. 2(c)
(Multimedia view) shows those with hydrophilic surface (0; = 14.4°).
The impact velocities V' in these experiments were practically the
same.

When the drop impacts the cover glass, a circular wetted area is
first observed at { = 0. The temporal coordinate { for each drop
impact experiment is defined by

{=1-1, 1)

where 7, which is evaluated in Sec. I1I C, is a constant for each impact
experiment. As this area expands, a thin liquid sheet emerges from the
edge of this area (see the inset images in the second column of Fig. 2).
Then, the onset of rim instability on the hydrophobic surface is
observed [see the inset images in the third column of Figs. 2(a) and
2(b)] in the very early stage of drop impact when { < 0.09. This rim
instability did not necessarily lead to splashing. In fact, no splashing is
observed in Fig. 2(b), although splashing is observed in Fig. 2(a) (see
the inset images in the fourth column). In contrast, neither rim insta-
bility nor splashing on the hydrophilic surface is observed in Fig. 2(c).

B. Critical impact velocities

The experimental results highlight that rim instability and splash-
ing depend both on the impact velocity V and the static contact angle
0, of the cover glass (Fig. 3). Discriminant analysis based on the
Mahalanobis distance’*” was used to evaluate the critical impact
velocities VI for rim instability and the threshold impact velocities
VP! for splashing. The onset of rim instability occurs when V exceeds
Veit, and splashing occurs when V exceeds V¥,

Both of these velocities, V't and VP!, decrease as 0, increases,
although no consistent trends in the differences between V< and V!
are identified. Increasing V increases the liquid-sheet velocity U at the
instant of ejection.” Thus, the onset of rim instability may occur when
this velocity exceeds a critical liquid-sheet velocity U* that depends
on 0.

Here, we propose the hypothesis that rim instability at the end of
the liquid sheet with a root radius of A, which is also a radius of the
wetted area, and a tip radius of R (Fig. 4) arises from wetting failure.
The contact line of the liquid sheet may be destabilized as the dynamic
contact angle 0, approaches 180°."” *' Predicting the critical impact
velocity Vit, above which wetting failure occurs, requires an appro-
priate evaluation of both the velocity U and the thickness H of the

Phys. Fluids 34, 062116 (2022); doi: 10.1063/5.0096813
Published under an exclusive license by AIP Publishing

34, 062116-2


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

scitation.org/journal/phf

FIG. 2. Consecutive images of the wetted area and thin liquid sheet in the early stage of drop impact (a) with the occurrence of splashing: 0s = 75.8°, V=373 m/s, R,
= 1.40 mm; (b) with the onset of rim instability: 65 = 75.8°, V=23.70 m/s, R, = 1.50 mm; and (c) with a smooth liquid sheet: s = 14.4°, V=3.75m/s, R, = 1.34 mm. The
thin liquid sheets after their ejection can be observed in the insets in the second column. Then, fingers can be observed in the insets in the third column of (a) and (b) only.
Finally, splashing can only be observed in the inset in the second column of (a). The leftmost image in each row is the first image (when the drop contacts the glass surface) in
the sequence of images captured by the ultra-high-speed camera. Thus, { = 0 was assigned to this image. Multimedia views: https://doi.org/10.1063/5.0096813.1; htips://

doi.org/10.1063/5.0096813.2; https://doi.org/10.1063/5.0096813.3
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liquid sheet at the instant of ejection. These radii and thicknesses are
made dimensionless using Ry, i.e., a = A/Ry, r = R/Ry, h = H/R,,
and the liquid-sheet velocity U is also made dimensionless using V,
ie,u=U/V.

C. Expansion of wetted area

The expansions of the wetted area and the liquid sheet were
observed using an ultra-high-speed camera with a frame rate of
1000000 Hz from underneath the cover glass. Here, V ranged from

£t / |

A 04
5L

FIG. 4. Sketch of the geometry of a wetted area and a liquid sheet at the instant of
ejection.
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FIG. 5. Visual identification of the radii of wetted area a (blue line) and the radii of the tip of the liquid sheet r (red line) at (a) { = 0, (b) { = 0.002 38, (c) { = 0.004 77, (d)
{ =0.007 15, (€) ¢ = 0.00954, (f) ¢ = 0.0119, (g) { = 0.0143, (h) { = 0.0167, (i) { = 0.0191, and (j) { = 0.0215 (V = 3.82m/s, R, = 1.60mm, 05 = 15.9°).

2.99 to 3.94 m/s, and 0, from 8.9° to 49.0°. The optical axis of the cam-
era was tilted from the direction of gravity by 20°. Thus, the original
images taken by the camera were distorted, as shown in Fig. 2. Images
were stretched only in the vertical axis by (1/ cos20°) to correct the
distortion of images. Thus, corrected images are presented in Fig. 5.

When a drop makes contact with the cover glass, the bottom
radius of curvature locally decreases,'"*? and, thus, a circular wetted
area is first observed at { = 0 [Fig. 5(a)]. This circular wetted area is fit-
ted with a circle of radius a. As the wetted area expands, a liquid sheet
expands from the tip of the wetted area. Thus, an annulus darker than
the surroundings is observed around the circular wetted area.”” The
width of this annulus increases as the liquid sheet further expands. We
define the time when the width of the annulus becomes approximately
two pixels as the apparent ejection time ({. Then, the outer perimeter
of the annulus is fitted by a circle of radius r for { > (¢ [Figs.
5(h)-5()].

The expansion of the experimentally obtained radius a of the
wetted area can be fitted to a function:”**” a = C,+/T + 1o, where C,
and 7, are fitting coefficients. Thus, using Eq. (1), the expansion of a is
expressed as follows:

a=Cy\/T. (2)

The experimentally obtained expansion of the radius a of the wetted
area shown in Fig. 5 is plotted in Fig. 6 with the apparent ejection time
7%: 1% = {§ 4 7. The corresponding fitting curve [Eq. (2)], which has
been well verified experimentally’*~" to fit the experimental results, is
also drawn. These coefficients C, and 1, are calculated from the results
of 33 experiments. These values are tabulated in Table I along with the
experimental conditions.

We examine the dependence of the expansions of a on the
impact velocity V and the static contact angle 0; of the cover glass.
First, we examine the dependence of the expansion on V, which ranges
from 2.99 to 3.94 m/s. The experimental results and corresponding fit-
ted curves are plotted in Fig. 7(a). Three curves in Fig. 7(a) virtually

collapse into one line. This result implies that the expansion of liquid
sheet is seemingly independent of V in this range of V.

Then, we examine the dependence of the expansion on 0, which
ranges from 8.9° to 49.0°. The experimental results and corresponding
fitted curves are plotted in Fig. 7(b). Three curves in Fig. 7(b) are
hardly distinguishable. Thus, this result implies that the expansion of
liquid sheet is seemingly independent of 0; in this range of 0.

These results conclude that the wetted area’s expansion appears
to be independent of both the impact velocity V and the static contact
angle 0; of the cover glass. Thus, the fitting coefficient C, is implied to
be a constant independent of both V and 0,. These experimentally
obtained coefficients are averaged to yield C, = 1.80 = 0.0296. The

035
03t
025+
& 02+

0.15 |

0.05 -

- _a
:'7_e

0 0.005  0.01

0.015 0.02 0.025 0.03

T

FIG. 6. Experimental results of expansions of the radius a of the wetted area (open
triangle) and the radius r of the tip of the liquid sheet (open circle) evaluated from
Fig. 5 with 78 = 0.0206. The fitted curve to a was obtained as a(t) = 1.76\/7
with 7o = 0.003 86. (V = 3.82 m/s, R, = 1.60 mm, 0, = 15.9°.)
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TABLE . Fitting coefficients C, and 7o and ejection time <, for the expansion of lig-
uid sheets under the following conditions: V of 2.99 to 3.94m/s and 0; of 8.9° to
49.0°. The experimental data with the conditions in the rows (x) are plotted in Fig.
7(a), and those in rows (xx) are plotted in Fig. 7(b), respectively.

0, (deg) V (m/s) R, (mm) C, 71o(X 107%) 7, (x107%) We

49 3399 1,512 1.873  0.480 0.955 239 ()
3406 1566 1.820 0.557 0901 249
3428 1599 1.843 0.405 0.738 258
3586 1491 1.790 0.482 0.836 263
3.621 1.450 1.822  0.603 0.877 261
3.581 1.420 1.816  0.400 0.966 250
3236 1372 1.830 0.498 0.908 197

3209 1333 1.821
3229 1318 1.824

0.395 1.143 188
0.483 1.123 188

15.9 3.013 1.718 1.791  0.423 0.809 214 (%)
2.993 1.580 1.800  0.405 0915 193
3.015 1.580 1.799 0.395 0.770 197
3.153 1.337 1.861 0.683 1.058 182
3202 1397 1794 0.749 1.035 194
3168 1.397 1814 0.470 0.987 192
3.453 1483 1.765 0.606 1.276 242 (x, %)
3436 1515 1.769  0.405 1242 242
3.433 1.515 1.777  0.594 0.967 245
3.794 1.557 1.753  0.582 1.074 307

3.828 1.601 1.777
3818 1.601 1.761

0.519 1.110 309
0.386 1.213 320

3942 1671 1769 0312 0881 356 (x)
3942 1671 1758 0490  0.884 349
3942 1671 1768 0310 0987 356

8.9 3446 1480 1797 0404 0902 241 (%)
3451 1430 1820 0.536 1.068 233
3396 1353 1827 0.683 1.041 214
3606 1382 1790 0473 0.856 246
3562 1364 1773  0.688 1.053 237
3576 1420 1784  0.601 0921 249
3192 1344 1818 0.585 1.098 188
3199 1333 1818 0631 1.002 187
3231 1364 1809 0.594 1.041 195

variation in these fitting coefficients is similar to that previously
observed.” Thus, we obtain the following:

a(t) = 1.80/7, (3)
in the range of the present experimental conditions. The coefficient in
Eq. (3) is approximately equal to /3, which was theoretically pre-
dicted”’ by solving the Laplace equation and determining a using the
Wagner condition. Then, the thickness & of the liquid sheet at the
instant of the ejection was derived as*’

I B
2n(da(t)/dt)” =,

where 7, is the ejection time.

)

ARTICLE scitation.org/journal/phf

D. Ejection time

Considering that rim instability is observed in the early stage
of drop impact (t < 0.2), the contact-line velocity u of the liquid
sheet at the ejection time 7, is the relevant characteristic velocity
that dominates this physical process. Hence, an accurate estimation
of 7, is essential. However, visibly identifying the sheet ejection
requires approximately two pixels between the tip and root of the
liquid sheet.

To determine t,, the condition that #(t,) = a(t,) is used,’
where the dot denotes the derivative with respect to 7. This condi-
tion leads to that a(t) and r(t) are tangent to each other at T = 7.
Thus, the liquid-sheet velocity u at the instant of ejection is
obtained as

B da(t) G
u=— A ®)
and r can be assumed to be fitted by the following straight line:
Ctl e
rR CoyTe (1 + l) , (6)
2 Te

in the close neighborhood of 7 = 7,. Equation (6) represents the line
tangent to a = C,/T at T = 1,, where 1, is treated as the fitting
parameter. Using Matlab curve fitting toolbox, three radii,
a(té — At), (1), and (% + At), measured from the observation
are fitted by Eq. (6), where At is the nondimensional time interval
between two consecutive images. The fitted line using data from Fig. 5
are plotted in Fig. 8. The ejection time 7, is obtained as the point of
contact between the fitted line and a(t) = C,+/7. Thus, evaluated ejec-
tion time 7, using 33 experimental results are also presented in Table I.

For further examination of the ejection time 7., a pair of nondi-
mensional numbers is introduced:

R, V2
WeD=”f; , (7)
u
Ohp = , 8
b= 8)

where p = 998 kg/m3, 1 =1.00 mPas, and ¢ = 72.8 x 107> N/m
are the density, viscosity, and surface tension of water, respectively. In
our experiments, 180 < Wep =< 400 and Ohp ~ 0.003. These ejection
times 7, and the visibly identified ejection times 7% are plotted in
Fig. 9, which reveals that 7, is apparently independent of 0,. The ejec-
tion time 7, was proposed to be proportional to Weg2 ® in the limit
that Ohp < 1.** Thus, the experimental results shown in Fig. 9
suggest that 7, can be fitted by

1o = 0.370 Wep >, )

Consequently, the velocity u and the thickness & of the liquid sheet at
the instant of ejection can be calculated using Eqs. (5) and (4),
respectively.

u=148Wey’, (10)

h = 0.0796 Wep'. (11)

The dimensional velocity U and thickness H are, thus, obtained as
U = uV and H = hRy, respectively.
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FIG. 7. Expansions of the radii a(z) of the
wetted area. The experimentally obtained
radii were fitted using (2): a(z) = Cav/z.
Expansions of a (a) on cover glasses with
05 of 15.9° and with various V, and (b) on
cover glasses with various 65 and with V
of approximately 3.4 m/s.

0.4 0.4
(a) (b)
0.3 0.3
3 0.2 3 0.2
0.1 O V=301 m/s 0.1 O 0.=49.0°,V=3.40 m/s
A V=345m/s A 6,=159°V =345 m/s
O v=394m/s O 0,= 89°,V=345m/s
0 : : 0 ‘
0 0.01 0.02 0.03 0 0.01 0.02 0.03
T T

IV. DISCUSSION

A. Wetting failure in the early stage of water drop
impact

We investigate the 0,-dependence of the liquid-sheet instability
using theoretical models proposed by Cox.”*’° These models can
predict the dependence of the dynamic contact angle 0, on the liquid-
sheet velocity U at the instant of ejection of a liquid sheet with a
thickness of H. Three nondimensional numbers are introduced in
these models:

where § is the slip length and Eqs. (10) and (11) are used. The charac-
teristic impact velocity can be defined as 3.8 m/s, which is the mid-
point of the range of Vit (approximately between 3.2 and 4.4 m/s) in
Fig. 3, and the characteristic bottom radius of curvature is 1.54 mm.
Thus, the characteristic nondimensional numbers We{,, Ca®, and Re*
are 305, 0.520, and 15.1, respectively. The viscosity ratio 4 = ./,
where 1, is the viscosity of air, is also used in the following analysis.
The standard viscosity ratio /, is defined as 0.0181.

The contact line of the liquid sheet may be destabilized as 0,
approaches 180°."” ' Thus, the critical capillary number above which

ey 5/6 wetting failure occurs may be predicted using the Cox theory with 0,
Ca = o 1.48 OhpWep,”, (12) of 180°. Note that this predicted capillary number may give an upper
pUH s limit for the critical capillary number considering that the contact line
Re =~ = 0.1270h,*Ca™ /", (13) of the liquid sheet may be destabilized when 0, < 180°.*>*
K Cox’® investigated the dynamics involved in the movement of
6= S — 785 (i) Ohgé/ 50a8/5 (14) the contact line for the viscous-dominated situation. First, he investi-
H Ry 7 gated the asymptotic form of the velocity field in both the liquid and
035 . : 0.03
r(rd + AT) 0.025 -
037 ? :
L, - 0.02
025 ¢ r(7e)
: 0.015¢
& 02 : S
. L a
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0.1
0.05 1 - a 0.005 ‘ : ‘ |
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T

FIG. 8. Fitted line to the experimental results measured from Fig. 5 (V = 3.82 m/s,
Ry, = 1.60 mm, 05 = 15.9°). The fitted curve for the radius of the wetted area:
a(t) = 1.764/7, and the fitted straight line for the tip of the liquid sheet in the close
neighborhood of a(,) where 7, = 0.0121: r(7) = 8.00(z + 0.0121).

FIG. 9. Experimentally obtained ejection time . with various Wep (= pV2R/0)
plotted in log-log scale. The results obtained after making an impact with the
glasses for O = 49.0°, 15.9°, and 8.9° are denoted by circles, triangles, and
squares, respectively. The open symbols denote the apparent ejection time 3. The
closed symbols denote the ejection time 7, that was evaluated using Eq. (6). The
solid line denotes the fitted line [Eq. (9)].
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gas phases as ¥ — 0 in the plane polar co-ordinates (r, ¢), where the
plane ¢ = 0 is at rest and the plane ¢ = 0 is scraped along parallel
to itself. This is well-known as Taylor’s scraping problem.”*’ He

f(0,2) =

2sin 0[/12(02 — sin%0) + 21{0(71: —0) + sin20} + {(71: - 0)2 - sinZO}]

scitation.org/journal/phf

solved the Stokes equation for the stream function (r, ¢), V4 = 0,
which admits separated solutions of the form iy = r~1¢(¢). He found
the normal stress on the interface ¢p = 0, to be f(0,4, 1) /r, where

(15)

Then, using matched asymptotic expansion, Cox found that a third
region, the intermediate region of expansion, must exist between the
inner and outer expansion regions to connect them. Thus, he obtained
the dependence of 0,; on the contact line velocity over the solid surface

Caln (571) :gv(ed) _gv(05)7 (16)
where
0 dx
o0 | 7 "

With 6; = 180° and A = o, and both 6, and ¢ specified, the critical
capillary number can be evaluated through Eq. (16). This critical capil-
lary number is referred to as Ca'.

Later, Cox”* examined the more general situation,

1<Re<gl (18)

In this situation, viscous effects become more dominant in the inter-
mediate region asymptotically closer to the inner region. Conversely,
the flow becomes more inviscid in the intermediate region that is
asymptotically closer to the outer region. Furthermore, he subdivided
the intermediate region into viscous sub-region, transition sub-region,
and inviscid sub-region. The more detailed explanation of the regions
of asymptotic expansion by Cox is provided in Appendix C.

In a transition sub-region, the liquid interface shape must be of
the form 6 = 0" + Caf] + - - -, where 0" is a constant contact angle in
the intermediate region, but 6] is a function of radial distance from
the contact line in the transition sub-region. In the inviscid sub-region,
he obtained

Caln (RE) = giv(ed) - giv(e*)v (19)
where
2iv(0) = 1.53162(0 — sin 0). (20)

Likewise, in the viscous sub-region, he obtained
Caln (¢ 'Re™!) = g, (0°) — g,(0;). (21)

With 6; = 180° and A = o, and both 6, and ¢ specified, the critical
capillary number along with 6" can also be evaluated as solutions of a
pair of simultaneous nonlinear equations [Egs. (19) and (21)]. This
critical capillary number is referred to as Ca'.

The slip length S, which can be less than 2 nm,”” should be deter-
mined. However, the proposed values of S may be distributed across a
wide range.s””;' Thus, S in this model is instead treated as a parameter
to fit the experimental data.”**”

0% —sin?0){(x — 0) +sinOcos O} + {(z = 0)*sin20} (0 — sin O cos 0)

We examine the experimental results using these critical capillary
numbers Ca' with § = 28 nm and Ca! with S = 1.8 nm. These pre-
dicted critical capillary numbers Ca' and Ca for wetting failure agree
well with each other (Fig. 10). Note that the values of S and Re® satisfy
the condition [Eq. (18)], which guarantees the applicability of the Cox
theory to this study. The critical capillary number for rim instability
Ca“™ = 1.48 OhD(Wegi‘)S/ ® (Wet = uVeit/g) and the threshold
capillary number for splashing Ca® = 1.48 OhD(Wejgl)S/ ¢ (Wesgl
= uV¥ /g) are also presented.

The important finding in Fig. 10 is that Ca“™ reaches up to
approximately 0.65, which is much larger than the one that Cox
assumed. He assumed Ca < 1 in his analysis. The accuracy and appli-
cability of the Cox theory for Ca>0.1 remains debated.””**”"
However, numerical analysis”® would indicate that the overall trend of
the sensitivity of the critical capillary number to 0; for liquid-sheet
movement in the air can be well described by the Cox theory even up
to Ca = 1. Thus, the Cox theory may be applicable to predicting the
critical capillary numbers.

0.7 r

03 (deg)

FIG. 10. Onset of wetting failure: predicted and experimental results. The critical
capillary number for rim instability Ca®™ = uuV°* /o (diamond) and the threshold
capillary number for splashing Ca® = uuV*® /¢ (square) were calculated from
experiment results. The critical capillary number Ca' (dash-dot line) was calculated
using Eq. (16), and the critical capillary number Ca' (dashed line) was calculated
using Egs. (19) and (21) with Ao = g/ = 0.0181. The critical capillary number
Ca" (solid line) using 2 = p, /¢ in Eq. (17), where y, is evaluated from Eq. (23),
well describes the overall trend of Os-dependency of Ca™.
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The role of the viscosity of the gas is investigated to further
understand 0,-dependency of Ca'. The effective viscosity p, is well
known to depend on the Knudsen number Kn (= £,/L°)"° when Kn
becomes large, and to decrease to zero as Kn — 0o,””" where £, is
the mean-free-path of the air (¢, ~ 70 nm) and L€ is the characteristic
length scale of the flow. The flow is viscous-dominated in the viscous
sub-region [Eq. (21)], whereas the flow is irrotational in the inviscid
sub-region [Eq. (19)]. Thus, the characteristic lengthscale of transition
sub-region H/Re™ seems to be suitable for LS, and the relevant
Knudsen number K is written as

¢
Kn = (—g) Ohp*Ca, (22)
Ry

and hence, 2.03 < Kn < 3.30.

The effects of Kn on gas viscosity were investigated using the
Direct Simulation Monte Carlo method for 0.1 < Kn < 10.”® The
dependence of gas viscosity on Kn can be well fitted by a Bosanquet-
type of approximation:™**’

1

S —— 23
e Hgl+éKVl7 ( )

i
where ¢ was proposed to be equal to 2. Thus, g, (0.132p,
= pt, = 0.19811,) may be an appropriate evaluation for this analysis.
With, thus, evaluated y, instead of Ugin Eq. (17), another critical capil-
lary number can be evaluated. This critical capillary number is referred
to as Ca™. This critical capillary number Ca™™ with $ = 0.9 nm is
plotted in Fig. 10. This critical capillary number can well describe the
overall trend of 0-dependency of Ca“™.

In Sec. 11 B, we proposed the hypothesis that the rim instability
of the liquid sheet observed in the early stage (t < 0.2) of water drop
impact arises from wetting failure when a water drop impacts a
smooth, dry glass surface with R, ~ 2.2 nm. Our finding that Ca™
can well predict Ca provides some evidence that can support this
hypothesis. The critical capillary number above which this rim insta-
bility occurs can be predicted using the Cox theory. These results con-
clude that wetting failure can occur in the early stage (r < 0.2) of
water drop impact on a smooth glass surface with R, ~ 2.2 nm.

B. Splashing in the early stage of water drop impact

We observed splashing in the early stage (t < 0.2) of water drop
impact on a smooth glass surface with R, ~ 2.2 nmin Fig. 2. To better
understand this splashing that arises from wetting failure, we examine
whether this splashing can be predicted by the splashing threshold
using the splashing ratio 8 proposed by Riboux and Gordillo.” The gas
layer under the liquid sheet causes a vertical lift force per unit length
F; that exerts on the edge of the liquid sheet. This lift force generates a
vertical velocity U, to the liquid sheet: U, o< y/FL/(pH). The capillary
retraction causes the radial growth of the liquid-sheet rim. The charac-
teristic velocity U, can be given by U, « /2d/(pH). Riboux and
Gordillo® assumed that the liquid sheet separates from the surface
when U, is larger than U,. Thus, they proposed that splashing occurs
when the splashing ratio f3,

V2o

B (24)

scitation.org/journal/phf

exceeds ™ that is the threshold value of f. Riboux and Gordillo®
evaluated F; using the lubrication approximation, and then, experi-
mentally obtained that f™' ranged from 0.12 to 0.14.”***

Later, de Goede et al.”’ simplified Eq. (24) and evaluated f3 for
low Ohyp, at atmospheric conditions

g (2.22) 12 (pRyV®)"/°

S (25)

tan o
where o is the wedge angle between the lifted sheet and the surface.
This o was assumed to be a constant. This constant is independent of
the condition in the vicinity of the liquid-solid contact."* Also, & was
reported to be independent of the surface wettability.”” Thus, f"'¢ was
suggested to be independent of the surface wettability. The commonly
used value of o is 60°.””"" They experimentally obtained that g™
ranged between 0.11 and 0.14.

We examine whether ¢ can be estimated from the results
obtained in Sec. IV A. The lift force per unit length F; in Eq. (24) can
be approximated as proportional to ugU.”'(’l Thus, f &< v/4Ca. In
fact, using Eq. (12), Eq. (25) can be rewritten as follows:

p = 1.05v//0Ca. (26)

Thus, evaluating "¢ for splashing observed in the early stage
(t < 0.2) of water drop impact on a smooth glass surface at atmo-
spheric conditions using Eq. (25) would seem to be equivalent to eval-
uating the threshold capillary number for splashing Ca®'. Both
Riboux and Gordillo” and Cox”*° studied the viscous gas flow near
the tip of the liquid sheet and the deformation of the gas-liquid inter-
face using the solution of either the scraping problem™**° or the lubri-
cation problem.”

Considering that Ca®' can be well predicted by the critical capil-
lary numbers (Ca', Ca", and Ca™™) as shown in Fig. 10, we calculated
B¢ for splashing observed in the early stage (t < 0.2) of water drop

0.12
0.11
Q
0.10}
0.09; Splashing R ,;‘
A Rim instability M
O Smooth ejecta \
0.08 : ; ‘ : :
0 20 40 60 80 100 120
03 (deg)

FIG. 11. Splashing ratio /3 in terms of the static contact angle 05 of the cover glass.
The splashing ratio /5 for splashing observed in the early stage (¢ < 0.2) of water
drop impact on a smooth glass surface corresponding to the experimental data that
are shown in Fig. 3 are calculated by using Eq. (25). The threshold ™ s corre-
sponding to the critical capillary numbers (Ca', Ca', and Ca'") that are shown in
Fig. 10 are calculated by using Eq. (26).
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impact on a smooth glass surface by substituting the critical capillary
numbers plotted in Fig. 10 into Eq. (26). We also calculated the splash-
ing ratio 5 by substituting experimental data in Fig. 3 into Eq. (25).
They are plotted in Fig. 11.

The static contact angle 0, obviously affects ™' for splashing
observed in the early stage (t < 0.2) of water drop impact on a
smooth glass surface at atmospheric conditions. Decreasing 0
increases ™' (Fig. 11). The range of ™ observed in the early stage
(t < 0.2) of water drop impact on a smooth glass surface is that
0.9 =< "4 < 1.1. This f™¢ would seem significantly less than those
previously reported.”*”***” Moreover, daughter droplets ejected from
the rim of the liquid sheet appear to fly along the glass surface as
observed in Fig. 12 (Multimedia view) in Appendix B, which indicates
that the wedge angle o is much less than 60°.

These results may suggest that the splashing criterion [Eq. (24)]
that can predict the occurrence of previously investigated splashing
cannot predict splashing observed in the early stage (7 < 0.2) of water
drop impact on a smooth glass surface at atmospheric conditions.

C. Dependence of splashing on surface wetting
properties

We examine the difference in the extent to which splashing
depends on the surface wetting properties between splashing observed
in the early stage (7 < 0.2) and splashing observed in the late stage
(t > 0.4).777! Interestingly, de Goede et al.”’ showed that the surface
wetting properties do not influence ™ by examining the dependence
of the occurrence of splashing on the surface wetting properties when
an ethanol-water mixture drop impacted a dry surface. They found
that the best fit value of "¢ the ethanol-water mixtures equals
0.120 £ 0.008 using three different surfaces, each having roughness
R, < 500 nm, and thus, y ~ 1, where y is the ratio of surface rough-
ness R, to the liquid-sheet thickness H (y = R,/H).

In contrast, we used the cover glass surfaces, having roughness
R, ~ 2.2 nm, and thus, y < 1. Garcia-Geijo et al.%” showed that the
larger y should destabilize the liquid sheet. They further indicated that
fingers with a typical diameter ~R, protrude with no smooth liquid
sheet formed when y = 1. The large difference in y would seem to sug-
gest that surface roughness should dominate wettability in causing
splashing observed by de Goede et al.,”” who observed no splashing
within the velocity range investigated (0.1 < V' < 4.7 m/s) for pure
water drop impact.

scitation.org/journal/phf

FIG. 12. Images of water drop impact on
a cover glass of 05 = 37.8° with different
exposure times. (@) V =4.38 mis, Ry
= 1.67 mm, exposure time of 1 us, and
frame rate =500 kfps. = = 0.14. (b) V
=4.37Tmls, R, = 1.59mm, exposure
time was 8 us, and frame rate =63 kfps.
t=0.14. Multimedia views: htips:/
doi.org/10.1063/5.0096813.4; https:/
doi.org/10.1063/5.0096813.5

Although the influence of surface roughness on splashing has been
studied,”” ” the interplay between the surface wettability and surface
roughness in the dynamics of splashing remains largely unclear.>*® This
interplay is a vital issue for further studies of drop impact splashing.

The dependence of f™¢ on the maximum advancing contact
angle 0. was examined by Quetzeri-Santiago et al.” for ethanol,
water, and an aqueous glycerol solution with 6 ranging from 0° to
140°. They obtained that ™ = —0.00110, +0.23 (thus, ™
~ 0.11-0.13) for surfaces with Op ranging from 83° to 103°. This
range of f! also significantly greater than our result. They used various
surfaces: glass, ultraclean mica, glaco-coated surfaces, perfluorodecyl
acrylates (PFAC), and polytetrafluoroethylene (PTEE). Although no
explicit descriptions of surface roughness were provided in their study, a
smooth surface made of synthetic resin, in general, would seem to be
much rougher than the surface of the cover glass with a surface rough-
ness of R, ~ 2.2 nm. For example, a plastic cover glass made of polyvi-
nyl chloride (PL100; Thermo Fisher Scientific) has R, ~ 31.2 nm
surface roughness. This result indicates that some of the surfaces that
Quetzeri-Santiago et al.” used probably had much larger R, than our
cover glass surface. Thus, again, the difference in y suggests that surface
roughness should be responsible for the difference in the extent to which
splashing depends on the surface wetting properties.

Surprisingly, Quetzeri-Santiago et al.” indicated that this splash-
ing occurred in the late stage (t > 0.4) of drop impact when the liquid
sheet might be thick enough [Fig. 1(b)] for 04 to be measured from
images. In contrast, we observed splashing only in the early stage
(t < 0.2) of drop impact when the liquid sheet was too thin [Fig. 1(a)]
for 04 to be measured. In addition, the liquid-sheet velocity can be
approximately expressed in proportion to t~'/2. Thus, the liquid-sheet
velocity in the late stage (¢ > 0.4), which should be much smaller
than that in the early stage (t < 0.4), would seem to be too small to
cause wetting failure.

These results allow us to conclude that surface roughness domi-
nates surface wettability in the previously investigated splashing in the
late stage (t > 0.4) of drop impact. Thus, the dependence of splashing
in the early stage (t < 0.2) of water drop impact on the surface wetta-
bility has been first identified. Furthermore, this splashing depends on
the surface wettability through the static contact angle 0, of the surface.

V. CONCLUSIONS

The rim instability at the end of the thin liquid sheet ejected and
subsequent splashing in the early stage (t < 0.2) of water drop impact
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on a smooth cover glass surface with a roughness of a few nanometers
depends on the surface wettability through the static contact angle 0;
of the cover glass. Reducing 0, through plasma treatment increases the
critical impact velocity for rim instability and, thus, suppresses splash-
ing. The observation using the ultra-high-speed camera with 1000 000
fps indicated that the expansion of liquid sheet is independent of the
impact velocity V and the static contact angle 0, of the cover glass.
Thus, the ejection time 7, was implied as 7, = 0.370Weg2/ ? regardless
of 0 in the range of the present experimental conditions.

Using these results with the Cox theory”"* for wetting failure,
we examined the 0;-dependence of the critical capillary number for
rim instability Ca“®. Our study showed that the Cox theory can rea-
sonably predict the experimental results. Thus, we have identified that
wetting failure can occur in the early stage (t < 0.2) of water drop
impact. Examining the roughness of the surfaces used in the previous
studies™” suggested that the ratio of surface roughness to the liquid-
sheet thickness possibly explains the difference in the extent to which
the threshold capillary number for splashing depends on the surface
wetting properties. Thus, further studies will explore the interplay
between surface wetting properties and surface roughness. The present
findings may have important implications for practical applications,
including coating, cooling, cleaning, and printing, where wetting solid
surfaces using the liquid sheet ejected when a liquid drop impacts the
solid surface is essential.
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APPENDIX A: EXPOSURE TIME FOR OBSERVING
DROP IMPACT

The extremely short exposure time of less than 1 us of the
ultra-high-speed camera enabled us to observe wetting failure
clearly when 7 < 0.2 and to evaluate the remarkably short ejection
time 7, accurately. Few efforts to observe wetting failure and subse-
quent splashing in the early stage of drop impact have been
reported. These phenomena can only be observed with an ultra-
high-speed video camera. Thoroddsen et al.”* observed splashing at
the instant of drop impact with a solid surface when 7 < 0.05, using
an ultra-high-speed video camera with a frame rate of 500 kfps.
They found that daughter droplets with radii of several tens of um
are ejected at velocities of several tens of m/s. This result may sug-
gest that the exposure time should be a few microseconds to prevent
the images of the fast-moving daughter droplets from being blurred.
Thus, we examined whether a longer exposure time may lead to
failure in observing splashing.

First, a drop impact with V of 4.38 m/s on a cover class with 6
of 37.8° was observed using an ultra-high-speed video camera with
an exposure time of 1 us. This exposure time enabled the observa-
tion of splashing at t = 0.14, as shown in Fig. 12(a) (Multimedia
view). The inset of Fig. 12(a) shows ejected daughter droplets,
although the images of the droplets are blurred. Then, a drop
impact with V of 4.37 m/s on the same cover glass was observed
using the same ultra-high-speed video camera with an exposure
time of 8 us. Although the experimental conditions were virtually
the same as those of the previous experiment, this long exposure
time indeed led to the failure to observe splashing, as shown in
Fig. 12(b) (Multimedia view). Figure 3 in the main text indicates
that splashing on the cover glass with 0, of 37.8° can be observed
when V' > 4.0 m/s. However, no ejected daughter droplets could be
identified in the inset of Fig. 12(b).

A comparison of these two observations reveals that an expo-
sure time of approximately 1 us would be required to observe
splashing in the early stage of drop impact. This restriction on the
exposure time may have been the reason for the scarcity of reports.
This extremely short exposure time required to observe wetting fail-
ure may have hindered the investigation of the dependence of
splashing on the surface wetting properties when t < 0.2. Previous
studies app?ared to observe the occurrence of splashing when
> 04777

APPENDIX B: PLASMA TREATMENT OF GLASS
SURFACE

The hydrophilicity of some of the cover glasses was increased
by exposing them to nitrogen plasma using a pen-type nitrogen
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FIG. 13. The regions of matched asymp-
totic expansion used by Cox** near the
contact line of the liquid film.
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plasma device at atmospheric pressure (P500-SM; Sakigake-
Semiconductor Co., Ltd.). A cover glass was placed underneath the
plasma pen, which directed the plasma onto the glass surface, with
a standoff distance of 20mm from the tip of the plasma pen.
Increasing the plasma irradiation time t,; decreased the contact
angle: 0, = 75.8° (t5; = 0 5), 34.2° (25), 14.4° (45), 9.4° (65), 6.1°
(8s). Thus, the surface wettability was modified. The decrease in 0;
lasted more than 15 min.

Modification of the surface wettability by using plasma treat-
ment was further investigated. We used x-ray photoelectron spec-
troscopy (XPS; JPC-9010MC, JEOL Ltd.) to identify the elements
on the surface as their chemical states. This spectroscopy can mea-
sure the intensity of the photoemission corresponding to the chemi-
cal bonding.

The results of the XPS measurements indicated that increasing
the plasma irradiation time #,; decreased the intensity of the photo-
emission corresponding to the C (carbon) 1s state at 285eV. Thus,
the glass surface became more hydrophilic with larger ¢, which
may be attributed to the reduction in carbon contamination on the
surface. The wettability state is well known to correlate strongly
with the surface carbon content.”” Practically, carbon contamina-
tion lowers the surface energy, which also increases the hydropho-
bicity of the surface.”” In addition, the XPS measurements also
indicated that increasing #,; increased the intensity of the photo-
emission corresponding to the O (oxygen) 1s state at 531 V.

Exposure to plasma may also change the topological structure
of glass surfaces. This structure can determine the wettability of the
surface.”””" The topological structure of the glass surfaces was
observed using atomic force microscopy (AFM; MFP-3D-BIO-],
Asylum Research). The arithmetic mean roughness R, of the non-
treated surface was 2.1 nm whereas R, of the surface with #,; =5 s
was 2.6 nm, and that with tpi = 30 s was 3.1 nm. These results indi-
cated that exposure to plasma for less than 10 s did not signifi-
cantly affect the topological structure of the surface. Hence,
changes in the topological structure of the glass surface as a result
of plasma treatment may hardly affect the expansion of the liquid
sheet.

APPENDIX C: THE REGIONS OF ASYMPTOTIC
EXPANSION BY COX

Cox™* introduced three regions of expansions and made the dis-
tance X dimensionless by characteristic lengthscale H: x = X/H
(Fig. 13): (a) inner region (x ~ ¢), where the flow satisfies the Stokes
equation with slip boundary condition applicable on the solid surface;
(b) outer region (x ~ 1), where a boundary layer region valid near solid
boundaries and an inviscid flow region valid elsewhere; and (c) inter-
mediate region (& <x =<1). The contact angles 6, 6, and 6" are
defined in the inner, outer, and intermediate regions, respectively.

Then, Cox introduced another length coordinates x = Calnx,
and thus he subdivided the intermediate region into three subre-
gions: (c-1) viscous sub-region (Calne<=x=<x") with X"
= CalnRe™!, where the flow is viscous-dominated with the velocity
and pressure satisfying the Stokes equations and this flow must be
matched onto the viscous dominated flow in the inner region as
X — Calne from above; (c-2) inviscid sub-region (CalnRe™!
=< X <0), where the flow is a high Reynolds number flow consisting
of an irrotational flow with a boundary layer at the solid surface,
and this flow must be matched onto the irrotational flow and
boundary layer in the outer region as X — 0 from below; and (c-3)
transition sub-region (X ~ X*), where viscous and inertia effects are
of the same order, and the solution matches onto the viscous subre-
gion with X — X* from below as r* — 0, and the solution matches
onto the inviscid sub-region with ¥ — x* from above as r* — oo,
where r* = exp {Ca~!(x — %) }.
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