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How Does an Air Film Evolve into a Bubble During Drop Impact?
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When a liquid drop impacts a solid surface, air is generally entrapped underneath. Using ultrafast x-ray
phase-contrast imaging, we directly visualized the profile of an entrapped air film and its evolution into a
bubble during drop impact. We identified a complicated evolution process that consists of three stages:

inertial retraction of the air film, contraction of the top air surface into a bubble, and pinch-off of a

daughter droplet inside the bubble. Energy transfer during retraction drives the contraction and pinch-off
of a daughter droplet. The wettability of the solid surface affects the detachment of the bubble, suggesting
a method for bubble elimination in many drop-impact applications.
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Introduction.—A liquid drop may spread on, splash
onto, break up on, or bounce off of a solid surface when
it impacts that surface, depending on the conditions asso-
ciated with the liquid and solid, such as drop size, impact
velocity, surface tension, viscosity, wettability, and rough-
ness [1,2]. Interestingly, the surrounding air was found to
significantly influence the drop impact process; for ex-
ample, reducing the ambient air pressure can suppress
splashing [3]. To understand the role of air in this process,
several theoretical and experimental studies have been
conducted in recent years [4—14]. Consensus is that an
air film entrapped between a falling drop and a solid
substrate critically affects the impact process and its out-
come. Air entrapment is induced by a local pressure maxi-
mum right under the drop, which leads to the formation of
a dimple and, thus, a liquid-solid contact ring, which was
suggested by theoretical calculations [4,5,9] and then ex-
perimentally confirmed [10-13]. Due to minimization of
surface energy, the air film must eventually evolve into a
spherical bubble, as illustrated in Fig. 1(a). In fact, such
bubbles have been observed [15-18]. However, the
detailed evolution of an air film into a bubble is not clearly
understood.

To investigate this evolution, it is necessary to visualize
in real time the dynamics of an entrapped air film inside a
liquid drop. This is a very challenging task with conven-
tional visible-light imaging methods because they provide
very limited information due to large reflection and scat-
tering effects [7,18]. Moreover, interferometry [10,11,13]
and total internal-reflection microscopy [12] can offer
information on air thickness but cannot be used to track
morphological changes of the air film in the vertical direc-
tion. To visualize the evolution of an air film into a bubble,
we adopted a new technique based on x-ray phase-contrast
imaging [Fig. 1(b)] [19,20], which enables the tracking of
dynamic changes in air-liquid interfaces in real time. The
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excellent coherent nature of synchrotron x rays strongly
enhances the phase contrast of air-liquid interfaces with
sharp black and white fringes [19-21], despite being
placed in a thick liquid medium [22,23].

In this work, we used ultrafast x-ray phase-contrast
imaging to show that the evolution of an air film to a
bubble occurs through a complicated, sequential process.
The evolution consists of three stages: inertial retraction of
the air film, contraction of the top air surface into a bubble,
and pinch-off of a daughter droplet in the bubble. A series
of ultrafast snapshots with an interval of 3.68 ws enabled
us to clearly and quantitatively analyze detailed dynamics
based on the tracking of morphological changes. Two
important dynamic features were found: (i) the generation
of the daughter droplet inside the bubble, which can be
explained by energy transfer, and (ii) the detachment
of the resultant bubble, which can be explained by solid
wettability. Interestingly, bubble detachment may be a
feasible way to eliminate bubbles in many drop-impact
applications.

Experiments.—The experiments were conducted at the
XSD 32-ID undulator beam line of the Advanced Photon
Source, Argonne National Laboratory to achieve the high
spatial and temporal resolution required for this experi-
ment from an intense white (full energy spectrum) x-ray
beam with a peak irradiance of ~10'* ph/s/mm?/0.1%
bw [20,22]. The detector system [Fig. 1(b)] consisted of a
fast scintillator (LuAG:Ce, decay time ~50 ns) and a
mirror coupled to a high-speed camera (Photron Fastcam
SA1.1) via a long-working distance microscope objective
(10x with NA = 0.21) [20]. By synchronizing the detector
with and gating it to the x-ray pulses, we were able to
directly visualize ultrafast evolution dynamics on a us
timescale. Specifically, we took images with a 472 ns
exposure time and a 3.68 ws interframe time (correspond-
ing to the storage ring period) [20,22]. The drop-impact
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FIG. 1 (color online). Complicated evolution of an air film
during drop impact. (a) Schematic description of air film evolu-
tion; namely, when an air film is entrapped during drop impact
on a solid surface, it should evolve into a bubble to minimize its
surface energy. (b) Schematic of ultrafast x-ray phase-contrast
imaging, which enables the tracking of dynamic changes of air-
liquid interfaces in real time. (c) Representative, sequential x-ray
images depicting air film evolution during the impact of a water
drop with a diameter of 2.6 mm on an Si wafer from a height of
80 mm. Here the time at the impact moment was set to = 0 (see
movie 1 of Supplemental material [25]).

setup was 150 mm from the detector, a distance
sufficient to achieve a strong phase-contrast effect. For
liquid drops, we used water (surface tension o, =
72.75 mNm™!, viscosity u, = 1.005 mPas, and density

» = 996.4 kgm™3 at 293 K) and mixtures of water and
small amounts of ethanol or glycerol. The drop (diameter
d = 2.6 mm) was dispensed from a syringe needle (26 G)
connected to a remote-controlled syringe pump. The drop
was released at a height of 80 mm above the solid surface
for all experiments reported here. A laser beam was used to
sense the drop and trigger the camera. The drop velocity
was v~ 1.25ms™!, resulting in a Weber number
We = pv’d/o = 55-70 and a Reynolds number Re =
pvd/p = 1900-3200. The splashing condition can be
defined as K, = We!/2Re!/* > 57.7 [2], while our condi-
tions correspond to K, = 44-47. This indicates that our
conditions are far from the splashing regime [2,3,18]. A
high-speed, mechanical shutter was also installed to re-
strict the total imaging time to ~10 ms to minimize radia-
tion damage to the scintillator. Hard x-ray irradiation does
not significantly affect the properties of liquids in very
short exposures (< 300 ws) [24]. A polished silicon wafer

(rms roughness <2 nm) was used as a solid substrate and
carefully aligned using a high-resolution goniometer.
Figure 1(c) shows representative, sequential images of
the evolution of an entrapped air film into a bubble just
after the impact of a water drop on a solid substrate. The
entrapment of air occurred mainly at + < 20 us, as shown
in the first snapshot (r = 14.7 us) (see the corresponding
movie 1 [25]), which is consistent with previous results
[13]. The radii of the entrapped films at t <20 us were
R; ~ 145 £ 5 pm, consistent with predicted values [5].
The initial film thickness was ~1 um (= L3/6R? [18]
where L is the final bubble diameter [=~50 um in
Fig. 1(c)]), similar to 1.9 um taken from a range of
We ~70-900 and Re ~ 1600-5800 [18]. We observed
that once the entrapped film is formed at r <20 us, it
retracts very rapidly at # < 40.5 us to minimize its surface
energy. During retraction, the upper air surface develops
capillary waves. Following retraction (¢ > 40.5 ws), the air
volume contracts into a toroidal bubble, which rapidly
shrinks until # = 58.9 ws. Finally, we found pinch-off of
the water that had been confined within the core of the
toroidal bubble at r = 62.6 us. The pinch-off process is
very important because it generates a tiny secondary
(daughter) droplet on the substrate. The daughter droplet
has a spherical cap inside the bubble, as observed in the last
snapshot (t = 287 us). The evolution of a film to a bubble
is depicted schematically in Fig. 2 based on the morpho-
logical changes observed in Fig. 1(c). To understand the
sequential evolution, it is necessary to analyze each stage.
Retraction.—The radius of the entrapped air, R, was
measured as a function of time and is plotted in Fig. 3(a).
This system has high Reynolds numbers (Re ~ 500), when
taking into account the initial film radius (R; ~ 100 pwm)
and initial retraction speed (u; ~5 ms~'), indicating
that the retraction is governed by competition between
the surface tension o and the inertia (thus, ‘“inertial
retraction’) [18]. The inertial retraction is apparent
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FIG. 2 (color online). Schematic of the complicated air film
evolution process during drop impact: inertial retraction of an air
film, contraction of the top air surface into a toroid bubble, and
pinch-off of a daughter droplet in the bubble. The solid-line
arrows denote the propagation of capillary waves, and the
dashed-line arrow indicates the contact between the crest and
the substrate.
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FIG. 3 (color online). Detailed dynamics of air film
evolution. (a) The radius of the air film (R) was measured as a
function of time (f) during retraction for different liquids
(characterized by Oh: 0.0221 for water and 0.0223 and 0.0227
for two different mixtures of water and ethanol). There is
an exponential decrease in R over time, fitted by R(f) =
(1.45 X 10~ %) exp(—3.34 X 10*#) (solid line) for water, which
indicates inertial retraction based on the film thickening [18].
(b) The ratio of the daughter droplet volume to the air bubble
volume, V;,/Vg, was evaluated with Oh. The data support the
existence of a critical Oh (Oh™) above which the pinch-off of the
daughter droplet is prevented. The inset shows the x-ray images
of the pinch-off moments in different liquids. (c) The volume
fraction, Vj,/Vp, for water is almost invariant with the substrate
contact angle at ~5.2% (£ 0.7%). The dashed lines are guides
for the eye. These results suggest that the energy transfer,
expressed in terms of Oh, is essential for the daughter droplet
generation.

with the exponential decrease of R over time, described

as [18,26]
R(t) = R; exp(—C‘[mr/th),

where p is the density of the liquid, V is the total volume of
air, and C is a proportionality constant. By fitting the R-¢
data and inserting the parameter values, C is given as
~0.69 for d = 2.6 mm. This is consistent with Ref. [18]
where C = 0.88 for d = 4 mm and C is proportional to
d'*. The retraction speed decreases exponentially with
time, given by u = dR/dt ~ —(o/p8)'/2, where the air

film thickness 6 increases with time [18,26]. The inertial
retraction and its decrease in speed influence subsequent
stages.

Contraction and pinch-off.—Contraction and pinch-off
rely on energy transfer through capillary waves during the
retraction. The capillary waves are generated at the film edge
by the energy coming from the impact, as shown in Fig. 1(c)
(between ¢ = 22.1 and 40.5 ws) and illustrated in Fig. 2
(solid-line arrows). The propagation speed of the waves
was 4.2 = 0.2 m s~ !, which is consistent with the estimated
group velocity of 1.5Q27a/pA)"/2 ~ 4.1 ms™! [18] calcu-
lated from the measured wavelength A~ 60 =5 um
(A < d/2; d = the drop diameter). This speed is slightly
faster than that for a different impact condition with
We = 34 and Re = 4200 [18]. It is important to note that
the propagation speed exceeds the retraction speed after
t > 20 us [Fig. 3(a)]. As a result, the capillary waves con-
verge at the center, and their crests touch the substrate
[44.2 ps in Fig. 1(c) and dashed-line arrow in Fig. 2], as
proposed previously [18]. This leads to contraction of the air
film, resulting in a toroidal bubble (Fig. 2). Here, the contact
area of the liquid confined in the toroid core on the substrate
shows little variation, which is attributed to the adhesion of
the liquid on the substrate. Therefore, it is conceivable that
the minimization of the surface energy would promote pinch-
off of the liquid (Fig. 2). We occasionally observed the
emission of free satellite droplets [66.3 us in Fig. 1(c)],
similar to liquid jetting [22].

Energy transfer can be understood with the Ohnesorge
number, Oh = u/(poRg)'/?, a hydrodynamic number
that indicates a balance between viscous damping and
capillary force [22,27], where Rp is the radius of the final
spherical bubble. The energy coming from the impact is
transferred through capillary waves along the air-liquid
free surface and the liquid viscosity hinders the energy
transfer. In this study, Oh was controlled from 0.022 to
0.045 by adding a small amount of ethanol or glycerol to
the water. Figure 3(b) shows the Oh dependence of the ratio
of the daughter droplet volume (V) to the air bubble
volume (V3); Vp/Vp decreases with Oh. The daughter
droplet is only generated at Oh = 0.0227, with no daughter
droplets forming at Oh = 0.0288. Here, the retraction
dynamics were identical at Oh = 0.0227 [Fig. 3(a)].
These data provide evidence that at high Oh values, vis-
cous damping weakens the capillary waves, possibly
resulting in a reduction of the mass transport, which
explains the decrease in Vj,/Vy with increasing Oh. This
result suggests the existence of a critical Oh value (Oh*)
above which viscous damping prevents pinch-off of the
daughter droplet. Interestingly, the measured value of
Oh* ~ 0.026 = 0.003 [Fig. 3(b)] is comparable to the
Oh* value (~0.026) corresponding to the partial coales-
cence of liquid drops [27]. This result implies that the
physics of daughter droplet generation is analogous to
that of liquid coalescence.

204501-3



PRL 109, 204501 (2012)

PHYSICAL REVIEW LETTERS

week ending
16 NOVEMBER 2012

The above result suggests that daughter droplet genera-
tion depends primarily on the Oh values. We tested the
influence of surface wettability on daughter droplet gen-
eration at a fixed Oh = 0.0221. Figure 3(c) shows the
invariance of Vj,/Vp with the surface contact angle, which
was modified by x-ray irradiation [24,28]; namely, V/Vp
is almost constant at ~5.2% (= 0.7%). This result clearly
indicates that surface wettability is irrelevant to daughter
droplet generation in terms of Oh. Additionally, surface
wettability does not affect the spreading of the daughter
droplet [29,30] at very short time scales (~ 10 us) during
the contraction [Fig. 1(c)], which is one of the reasons for
the invariance of V,/V5p.

Bubble detachment.—Although the surface wettability
does not affect the spreading of the daughter droplet, it
does affect the adhesion of the bubble on the substrate
[16,18]. We found that the resultant bubble detached
from the substrate when the contact angle 6 was relatively
small, for instance, at @ = 35°, as shown in Fig. 4(a)
(arrows). Otherwise, the bubble remained adhered to the
substrate at relatively high contact angles, such as § = 45°
[Fig. 4(b)] and 6 = 50° [Fig. 1(c)]. Figure 4(c) shows the
frequency of bubble detachment and attachment as a func-
tion of contact angle. The threshold contact angle (6th) is
~40 = 5°, below which the bubble detached. This result
indicates that surface wettability is critical to bubble
detachment.

In this section, we discuss why wettable substrates are
favorable for bubble detachment. At small contact angles
[Fig. 4(d); upper], the daughter droplet (marked by “D”’)
spreads out, merges with the “mother drop” (marked by
“M’"), and finally separates the bubble from the substrate.
At large contact angles, the droplet tends to stay inside the
bubble [Fig. 4(d); bottom], leading to bubble attachment.
The threshold angle #th is ~42.5°, based on the geometric
constraints: (i) spherical cap models (V depends only on 6
at a fixed Rp and g = 6 = 0 where the subscripts B and
D denote the bubble and the daughter droplet, respectively)
[31,32], (ii)) Rp = Ry (as the detachment condition),
and (iii) Vp/Vyg ~ 0.052 for water [Fig. 3(c)]. This esti-
mate is comparable to our measurement of fth ~ 40 = 5°
[Fig. 4(c)]. This mechanism provides a good explanation of
bubble detachment on wettable substrates. The pinch-off
and spreading of the daughter droplet may occur asym-
metrically, but bubble attachment can be maintained
despite one-sided merging [Fig. 4(b); arrows]. Finally, we
expect that because Vp/Vy depends on Oh, the threshold
contact angle may decrease if Oh increases. Indeed, no
detachment was found at 40° at a large Oh > 0.0223. The
influence of the substrate wettability would be useful as a
way to eliminate bubbles by reducing the contact angle
during drop impact in many applications, such as ink-jet
printing, spray coating, and metal casting [15-18,33].

In summary, we used ultrafast x-ray phase-contrast
imaging to determine that the evolution of an air film to
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FIG. 4 (color online). Bubble detachment and attachment.
Sequential x-ray images for water clearly show examples of
(a) bubble detachment at a contact angle ~35° and (b) bubble
attachment at ~45° (see movies 2 and 3 of Supplemental
material [25]). A critical difference in bubble behavior was
found after 77.3 us (marked by arrows). (c) The frequency of
bubble detachment and attachment for water was monitored as a
function of the substrate contact angle; the threshold contact
angle was ~40 = 5°, below which the bubble preferably de-
tached. (d) The detachment (upper, for small contact angles) and
attachment (lower, for large contact angles) can be explained by
geometrical relations, which suggest ~42.5° to be the threshold
angle, comparable to our measurements of (c).

a bubble occurs through a complicated, sequential process.
The sequential evolution consists of three stages: inertial
retraction of the air film, contraction of the top air surface
into a bubble, and pinch-off of a daughter droplet in
the bubble. The generation of the daughter droplet inside
the bubble is explained by the critical Oh number, and the
subsequent detachment of the bubble is explained by the
threshold contact angle. Bubble detachment may be a
feasible way to eliminate bubbles in many drop-impact
applications.
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