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Abstract

In this paper, we use a combination of high-speed imaging and total internal reflection
microscopy (TIRM) to study post-contact spreading dynamics and bubble entrapment of droplets
impacting on surfaces lubricated with an immiscible fluid, following dimple and film modes of
contact. The post-contact droplet spreading entraps two types of bubbles: (a) surface and (b) bulk,
where the former occurs when the bubbles remain at the droplet-surface interface and the latter
takes place within the droplet because of the impact-induced air cavity closure. The dimple mode
of droplet-surface contact shows an absence of central surface bubble due to the contact point at
the drop center and the subsequent axisymmetric spreading. The surface radial bubbles can be
suppressed by tuning the impact velocity, liquid surface tension, and viscosity. Early-stage post-
contact spreading dynamics are then studied for the dimple mode, where a visco-capillary scaling
for the spreading radius r,,.; versus time ¢ of r,~f is observed. Finally, the critical capillary
number for wetting failure scaling is used to predict the presence of surface radial bubble

entrapment with good accuracy.
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I. INTRODUCTION

The impact of a liquid droplet onto a surface is ubiquitous in natural and industrial processes.
Bubble entrapment phenomena during post-contact spreading of the droplet can be advantageous
as well as undesirable, depending on the application. Entrapment of bubbles can lead to poor
quality of spray coating [1,2], inkjet printing [3,4], and pesticide application in agricultural
fields [5,6], as well as reduced heat transfer performance in spray cooling [7]. Whereas bubbles
entrapped during atomized fuel drops impacting the chambers of internal combustion engines [8]
can aid in further atomization and enhance combustion. Moreover, the entrapment of bubbles can
provide important insights into the impact conditions and droplet trajectories in forensic sciences
such as bloodstain pattern analysis [9,10].

Figure 1 shows the schematic of a liquid droplet of radius, R, impacting a dry surface at
velocity, Uj. Prior to the droplet contacting the surface, the pressure within the air layer between
the droplet and surface increases, causing a dimple at the droplet-air interface directly under the
center of the droplet. For dry surfaces, the impacting droplet bounces off from the surface at low
impact velocities and contacts the surface via the film mode at high impact velocities, where the
contact is initiated at the thinnest region of the extended interstitial air film. Inset in Fig. 1 shows
the contact line geometry during post-contact spreading, where 4 = ug/py is the gas to liquid
viscosity ratio, O, 1s the intrinsic microscopic contact angle, taken as the static contact angle at

the three-phase contact line [11], and U, is the contact line speed.



A= pig/m <1
R A n v,

| L ML e
) = i U E

-4 gmic\‘ e

- ! i wet

FIG. 1. Schematic of a droplet with radius, R, impacting on a dry surface at velocity of U,. Inset
shows the contact line geometry during post-contact spreading. Here, A = ug /gy is the gas to liquid
viscosity ratio, 8. is the intrinsic microscopic contact angle, 1y, and U,y are the wetting radius
and contact line speed, respectively.

The post-contact bubble entrapment phenomena have been widely studied for droplet impact
on dry surfaces, where two key scenarios are reported: surface and bulk bubbles. The surface
bubbles are the ones that are entrapped on the surface and are often observed for hydrophilic and
hydrophobic surfaces [12—16], while the bulk bubbles are those trapped within the droplet and are
reported on superhydrophobic surfaces [16]. The bulk bubble occurs as a central bubble, resulted
from the closure of an air cavity caused by the impact induced capillary waves traveling over the
droplet’s top surface [16—19]. While the bulk bubbles eventually escape from the droplet due to
buoyancy, the surface bubbles which are generally O(10° — 10%)um in diameter [13,20,21]
remain entrapped at the surface in the form of central and radial bubbles [13,16,20,22—-24]. These
surface bubbles are detrimental and can lead to poor quality of spray coating and inkjet printing.
Hence, we limit our discussions to surface central and radial bubbles only and hereinafter call the
entrapment scenarios as central and radial bubbles, respectively.

Once the droplet contacts the dry surface at the thinnest region of the air film away from the
central dimple, also called the film mode, an air disc is entrapped under the droplet’s center and
the inward moving contact line causes the entrapped air disc to evolve into a central
bubble [21,25,26]. However, the topological events that lead to the entrapment of radial bubbles

are rather contentious, where some researchers [25,27] claim that the random contacts between the



levitated lamella and the surface ahead of the outward moving contact line cause the entrapment
of radial bubbles, while others [28,29] claim that the cusps observed on the outward moving
contact line cause the radial bubbles. The cusps mentioned here refers to the sawtooth-type [20]
contact line instability reported in coating studies. The two above arguments are more applicable
to large impact Weber number cases (We = p,Uy2R/y > 1) where the precursor lamella must
exist a priori [25,28,29], ahead of the contact line. Here, p; and y are the liquid density and liquid-
air surface tension, respectively. In contrast, studies of the corresponding bubble entrapment
topological events for droplets impacting at low and moderate impact velocities ( We ~
0(10° — 10%)) are lacking.

Drop impact on wet surfaces, depending on the liquid thickness, h¢, can be broadly classified
into the scenarios of (a) thin films (h; < R) [20,21,26,30-34] and (b) liquid pools (h; > R) [35—
44]. For bubble entrapment during droplet impact on liquid pools, both miscible [35,37,38,40-43]
and immiscible [36,39,44] cases have been studied and a variety of bubble entrapment
morphologies such as crater collapse induced entrapment in immiscible pools [36,43], as well as
air disc splitting [37,38] and microbubble entrapments [35,42,44] in miscible pools, have been
reported. For thin liquid film surfaces (h; < R), bubble entrapment studies have been rather limited
to large impact velocities and to cases where both droplet and thin film are of the same
fluid [20,21,26].

To address this gap, in the present study, we investigate the bubble entrapment during impact
on thin films where the droplet and thin film are immiscible with each other. The results presented
herein show that, similar to dry surfaces, drops with large impact velocities on immiscible thin
films lead to the film mode of contact with the entrapment of central and radial bubbles. For low

impact velocities, the droplet undergoes dimple contact mode, where the contact and subsequent



spreading are axisymmetric, which leads to suppression of surface central bubbles and only the
bulk central and surface radial bubbles are entrapped. Figure 2(a) shows the schematic of the
contact modes on a lubricated surface. Figure 2(b) depicts the post-contact dynamics and
consequent bubble entrapment for the film contact. Figure 2(c) is the pre-contact and Fig. 2(d) the
post-contact and subsequent bubble entrapment for dimple mode of contact. In Figs. 2(b)-(d), time
t = 0 is set at the instance of droplet-surface contact, represented by the red downward arrows. In
the post-contact dynamics of film and dimple modes, the dash-dotted lines represent the
axisymmetric line of an impacting drop, and the blue arrows represent the liquid spreading
direction after contact.

Bulk and surface bubbles are observed for drop impact on lubricated surfaces, as demonstrated
in Figs. 2(b) and (d). The bulk bubble (also known as the “detached bubble”) entrapment is due to
the air cavity closure [45,46]. The above-mentioned air cavity is a result of the capillary waves
traveling over the droplet’s top surface which eventually converge at the droplet’s apex, illustrated
in the pre-contact dynamic of Fig. 2(c). The surface bubbles (also known as “‘attached bubbles”)
entrapment is due to the post-contact triple line movement. The radially inward moving triple line
entraps the central surface bubble [22,47], and the radially outward moving triple line entraps the

radial surface bubbles due to contact line sawtooth instability [48].
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FIG. 2 (a) shows the bouncing, dimple, and film modes of contact on a lubricated surface,
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contact locations at the center of the air film and outside of the dimple region for dimple and film
modes of contact, respectively. (b) shows the schematic of the post-contact dynamic of film mode,
entrapping a surface central bubble and surface radial bubbles. (c¢) is the schematic of the pre-
contact dynamic of dimple mode, taken from Zhang et al. [34]. A central cavity induced by
capillary wave encloses into a bulk central bubble, which perturbs the air film at the dimple region.
The unstable wave due to the perturbation results in the dimple contact. (d) shows the schematic
of the post-contact dynamic of dimple mode, entrapping a bulk central bubble and surface radial
bubbles. In (b)-(d), time t = 0 is set at the instance of droplet-surface contact. In (b) and (d), the
dash-dotted lines represent the axisymmetric line of an impacting drop, and the blue arrows
represent the liquid spreading direction after contact.

To suppress the entrapment of surface bubbles during post-contact droplet spreading, a
detailed understanding of the dynamics and failure mechanisms of the contact line motion is
crucial. Note that the term ‘contact line’ corresponds to the ‘triple line’ between the droplet, air,
and the lubricated oil film, which is assumed to have negligible deformation during the time scale
of the post-contact spreading. Given that the droplet impact and spreading occur over a short time

frame (~ 0(10°ms)) [20,21,26,49,50] and the bubble entrapment happens within the first several



hundred microseconds [12,13,20,21,26], it is important to consider the early-stage [51] spreading
when the spreading radius, 7;,.;, is less than the droplet radius, R. The early-stage spreading can

be classified into the kinematic phase, where the dimensionless spreading radius following r* ~

t*%5 and the spreading phase, where r* ~ f(We, Re, Oic, t7,...) is a function of the impact

conditions and liquid properties, where Re = p,U,R /|, is the Reynolds number [49,50]. Here,
r* = Thax/R, With 17, being the instantaneous maximum radial extent of the droplet measured
using side-view images, and t* = tU,/R is the dimensionless time. Note that, in the above
spreading laws [49-51], the spreading radius based on side-view visualizations can only provide
the maximum radial extent of the droplet not the actual contact line location underneath the droplet
due to the inability of visualizing the nanometer-thick air layer ahead of the contact line. Bottom-
view visualization can overcome this challenge but has not been applied to investigate early-stage
spreading dynamics of free-falling droplets on surfaces.

Instead, early-stage pendant drops spreading on surfaces and coalescence of two droplets have
been studied using a combination of side-view and bottom-view imaging, as well as x-ray
visualization and electrical methods [52,53,62-66,54—61]. The early-stage coalescence of two
droplets is analogous to pendant drop spreading, where the symmetry plane of the two coalescing
droplets is equivalent to the spreading surface [52,58]. At early times, coalescing droplets have

been shown to follow a visco-capillary scaling of 7;,.;/R ~ t/Tyc, Where 1, is the wetted radius
of the liquid and tyc = R/y the visco-capillary time scale [53,58—66], followed by an inertio-
capillary scaling of ;.. /R ~ (t/7;c)%, where a = 0.5 and 7;c = \/W is the inertio-capillary
timescale [52—-60]. Variations in a have also been reported for pendant drops spreading, depending
on whether the droplet wets the surface perfectly (a = 0.5) or partially (¢ < 0.5) [52-58]. The

above mentioned inertio-capillary and visco-capillary spreading laws consider droplets with



spherical geometry. However, during droplet impact at We > 0(10?), the bottom of the droplet
deforms due to inertial effects and the role of the interstitial air film in the early-stage spreading
dynamics is unclear.

In this paper, we present the experimental evidence of surface bubble suppression during post-
impact contact line motion for droplets undergoing dimple mode of droplet-surface contact, where
an axisymmetric contact is initiated at the central axis of the droplet’s bottom. The impact velocity
and liquid properties are varied to study their effects on the bubble entrapment scenarios. The pre-
contact air film and post-failure contact line dynamics are both visualized using the total internal
reflection microscopy [67,68] (TIRM) which can probe the air film of thickness ~ 0 (10° —
102) nm. The early-stage post-contact spreading dynamics for the dimple contact mode is
measured and the result is compared against existing spreading laws for pendant drop spreading
and drop coalescence scenarios. The critical capillary number for bubble entrapment of various
fluids is then estimated based on the water droplet case, utilizing the critical capillary number for

wetting failure scaling.

II. EXPERIMENTS
Total internal reflection microscopy has been used to visualize the pre-contact air film
morphology and failure modes upon droplet impact [33,34,67,69]. The TIRM technique enables
the thickness measurement of ~ 0(10° — 10%) nm [33,34,67-69] for an interstitial air film
underneath a droplet and allows for the accurate identification of contact positions [33,34]. In our
experiments, the high-speed TIRM was also adopted to visualize the post-impact contact line
motion and bubble entrapment. A synchronized side-view high speed camera, illuminated by an

LED light source, was used to capture the droplet’s in-flight radius R and impact velocity U,.



Water, methanol, and methanol-water mixture droplets were used to study the effect of surface
tension on spreading dynamics and bubble entrapment. Additionally, glycerol-water mixture
droplets were also used to study the effect of viscosity on spreading dynamics and bubble
entrapment. The physical properties of fluids used in our experiments are tabulated in Table I. The
droplet radius was maintained in the range of 0.61 < R < 1.10 mm and the impact velocity were
maintained in the range 0.4 < U, < 0.9 m/s by changing the drop dispensing height. The impact
We was maintained between 3 and 10 to obtain the axisymmetric droplet-surface contact at the

droplet’s central axis, which is called the dimple contact mode [34].

Table 1. Physical properties of fluids at 25 °C used in our experiments

Density Viscosity Surface tension Refractive
Fluids P T Y index

(kg m~3) (Pas) (Nm™ n
DI water 997 1073 0.072 1.33
Methanol (MeOH) 791.7 0.5x 1073 0.023 1.326
4.04 wt% methanol-water 991.5 ~ 1073 0.066 1335
solution )
80.22 wt% methanol-water 846.3 ~ 1073 0.026 1337
solution )
40 wt% glycerol-water solution 1097 3.7x 1073 0.07 1.38
Silicone oil [70] (film) 977 97.7 0.021 1.40

To isolate the effect of substrate asperities on contact and spreading and to provide an
optically transparent pathway for the TIRM measurement, lubricated substrates using silicone oil
coated on glass slide were prepared for drop impact and spreading experiments. A thin silicone oil
film of 5 um was spin coated onto a glass slide at a rotational speed of 10,000 rpm for 25 min. The
film thickness was measured by taking the weight difference before and after the spin-coating. The
silicone oil viscosity and film thickness were chosen carefully to avoid early onset of air film

rupture due to air-oil interface deformations [33]. The dimensionless oil film thickness & =



hoi/2R = 0.005 was two orders of magnitude smaller than 0.7, the threshold for lubricant
deformation, where h,; is the oil film thickness [71]. An estimate for the maximum deformation
of the lubricated film during droplet impact was also made using the empirical relation developed
in Lakshman et al. [72], where the deformation amplitude scales as Ay ~ hoﬂz /Uoi and W is the
silicone oil viscosity. For the silicone oil film thickness and viscosity used in this study, A, ~
0(10~*m), which suggests negligible deformation [34]. The lubricated substrate was placed on
top of a dove prism with a refractive index of n = 1.52 and a p-polarized monochromatic light
source of wavelength Aj;gn = 660 nm was used to illuminate the silicone oil-air interface at an
incident angle of 49.9° for TIRM imaging. A Phantom high-speed camera captures the TIRM
images in 16-bit format with a pixel resolution of 5 um. The field of view and temporal resolution
was adjusted between 336 X 336 and 512 X 512 pixels, and 25,000-46,000 frames per second,
depending on total wetting region. The TIRM measurement was calibrated against the correction

reported by Shirota et al. [68].

I11. RESULTS AND DISCUSSION

In this section, we present the experimental results of central and radial bubble entrapment
scenarios observed during droplet impact on a lubricated surface. In Sec. III. A, we discuss the
results of central bubble entrapment during film and dimple modes of contact and show that the
central bubble entrapment is absent for dimple contact mode. Radial bubble entrapment of the
dimple mode as a function of the impact velocity and droplet liquid properties is then discussed in
Sec. III. B. Further, we present the early-stage post-contact spreading dynamics for droplets
undergoing axisymmetric dimple contact mode and compare the spreading rates with existing

scaling laws. Finally, using the contact line velocity measured from the spreading speed, we

10



compare the experimentally determined capillary number with the critical capillary number above

which contact line instability leads to bubble entrapment.

A. Central bubble entrapment

To study the effect of impact velocity and the resulting contact mode on the bubble entrapment
scenarios, we varied the impact Weber number such that, for 3 < We < 10, the droplets contacted
the surface via the axisymmetric dimple mode and, for We =~ 10.3, the droplets exhibited non-
axisymmetric film contact mode. Figure 3 shows the post-contact bubble entrapment scenarios
observed for water droplets undergoing film and dimple contact modes. In Fig. 3 (a), TIRM images
of post-contact spreading of a water droplet on a lubricated surface at We ~ 10.3 are shown,
where the second column shows a non-axisymmetric film contact initiation (marked by a red
circle). Once the contact line advances, a central surface bubble is entrapped, as shown in the third
column (marked by a blue circle). At later stages (fourth column) of spreading, several small radial
microbubbles are also entrapped. A magnified view of both central and radial bubbles entrapped
during spreading of a water droplet undergoing film mode is shown in the Supplemental Material
[83]. The central and radial bubbles observed herein are similar to the bubble entrapment results
reported in past studies [20,21,25,26] of droplet impacting miscible thin films, where the film
contact mode was observed at large impact velocities. When the impact velocity was reduced, the
dimple contact mode was observed, where the droplet-surface contact occurred via an
axisymmetric contact at the droplet’s central axis. In Fig. 3(b), TIRM views of post-contact
spreading for a water droplet impacting at We = 4.4 is shown, where the second column shows

the axisymmetric contact initiation (marked in red circle). In columns three and four, the
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entrapment of radial bubbles (marked in blue ellipse) is clearly visible. As seen from the TIRM
views at time t = 0, the thickness of the air film underneath the droplet and ahead of the contact
line for the film mode (Fig. 3(a)) is much smaller than the one seen for the dimple mode (Fig. 3(b)),
where the former has low light intensity than the latter, suggesting smaller air film heights.
Comparing the time instances (t = 0, 0.08, and 0.2 ms) in Figs. 3(a) and (b), we observe that the
droplet spreading is slower for the dimple mode than the film mode, with the latter spreading
radially with unequal speeds, whereas the former spreads almost uniformly. The central bubble
observed for the film mode (Fig. 3(a)) is completely absent for the dimple mode (Fig. 3(b)) due to
the axisymmetric spreading of the droplet on the lubricated surface. Moreover, all water droplets
that exhibit the dimple mode of contact showed the absence of a central bubble. When the droplet
spreads on the surface after the film contact, the air present within the dimple region is unable to
drain within the duration of spreading, and thus entraps a central bubble. However, for the dimple
mode, the axisymmetric contact and subsequent outward motion of the contact line, naturally
avoids the central bubble entrapment. Similar dimple contact mode and central bubble suppression
mechanisms were also obtained for droplets of methanol, as well as 4.04% and 80.22% methanol-
water mixture droplets, and the detailed results are discussed in Sec. III. B. 2. However, 40%
glycerol-water mixture drops did not exhibit contact and eventually bounced off, the details of

which are also discussed in Sec. I11. B. 2.
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FIG. 3. TIRM images of water droplets exhibiting (a) film contact mode at We = 10.3 and (b)
dimple contact mode at We ~ 4.4. Images are captured at contact (t = 0), and 0.08 and 0.2 ms
after contact, respectively. The red circle indicates the contact location, and blue circle indicates
the bubble entrapment location. A comparison of film and dimple mode post-contact TIRM images
shows that the central bubble entrapped during film mode post-contact spreading but is completely

absent for the dimple mode. Radial bubbles are entrapped for both contact modes. Scalebars
represent 0.5 mm.

B. Radial bubble entrapment for dimple contact
1. Effect of impact velocity on radial bubble entrapment
To study the effect of impact velocity on radial bubble entrapment mechanism, we visualized
the post-contact spreading of water droplets exhibiting dimple contact mode at different impact
Weber numbers. Figure 4 shows the TIRM images of water droplets exhibiting dimple contact
mode at two different We values. The time t is nondimensionalized with the visco-capillary
timescale, Tyc = (yR/y. In Fig. 4(a) and (b), we show the water droplet impacting at We ~ 4.4
and We = 3.5, respectively, where the radial bubble entrapment observed for the higher We
droplet is completely absent for lower We droplet. The right panels in top and bottom rows of Fig.

4 show that the water droplet with higher impact We reaches the maximum spreading radius within
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t/tyc = 25.2 while a similar water droplet with lower impact We requires t/tyc = 40.9 to reach
the maximum spreading radius. The result suggests that the droplet with higher impact velocity
exhibits a faster contact line velocity leading to entrapment of radial bubbles. While both the
droplets show suppression of central bubble entrapment, the water droplet impacting at We = 3.5
shows suppression of all bubbles, confirming that the impact velocity can be tuned to achieve
favorable droplet-surface spreading. In Sec. III. B. 4., we describe in detail the critical contact
velocity and associated critical capillary number for bubble entrapment in case of methanol and

its aqueous mixtures using the water droplet case at We ~ 4.4 as the baseline threshold.
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FIG. 4. TIRM images of water droplets exhibiting dimple contact mode at (a) We = 4.4 and (b)
We = 3.5, respectively. The post-contact time values, t, are made dimensionless using the visco-
capillary timescale, 7y = pyR/y. The dimensionless times in (a) are t/tyc = 1.8, 10.8 and 25.2
and in (b) are t/tyc = 1.6, 11.5 and 40.9. The visco-capillary timescale for (a) We = 4.4 and (b)
We = 3.5 are tyc = 13 us and 7y = 14 ps, respectively. As the impact velocity (or impact We)
is reduced from 4.4 (a) to 3.5 (b), the entrapped radial bubbles are completely suppressed.
Scalebars represent 0.5 mm.

2. Effect of droplet properties on radial bubble entrapment
The effect of liquid properties on radial bubble entrapment was studied by using droplets of

water, methanol-water mixtures, methanol, and glycerol-water mixture, where the water,
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methanol-water mixtures, and methanol droplets had similar viscosity values and water and
glycerol-water mixture droplets had similar surface tension values. In Fig. 5, the TIRM images of
post-contact spreading dynamics are shown for (a) water, (b) 80.22% methanol-water mixture, (c¢)
methanol, and (d) 40% glycerol-water mixture droplets, respectively. While the dimensionless
time t/tyc = 0 in Figs. 5(a)-(c) correspond to the instant when the droplet-surface contact is
initiated via the dimple mode, in Fig. 5(d) it corresponds to the instant when the air film thickness
reaches an absolute minimum. Figures 5(a)-(c) show the post-contact spreading dynamics and
bubble entrapment scenarios for liquids with similar viscosity but different surface tension values,
with 4.04% methanol-water mixture droplets (not shown here) also showing similar results. The
air film profiles ahead of wetting front for the cases shown in Fig. 5(a)-(c) are demonstrated in
Section S.5 of the Supplemental Materials [83]. As seen from the TIRM middle panels of water
(Fig. 5(a)), 80.22% methanol-water mixture (Fig. 5(b)), and methanol (Fig. 5(c)) droplets, where
the dimensionless times are t/tyc = 10.8, 10, and 10.2, respectively, the water droplet has
entrapped significant number of radial bubbles, while the 80.22% methanol-water mixture droplet
has entrapped very few radial bubbles, and the methanol droplet has entrapped no radial bubbles.
Moreover, TIRM views at dimensionless times t/tyc = 25.2 and 25.4 in Figs. 5(a) and (b), and
(c), respectively, show that the number of bubbles entrapped post-spreading is significantly
reduced when the liquid surface tension is decreased, with methanol droplet at t /Tyc =25 showing
the absence of all surface bubbles. Figures 5(a) and (d) show the post-contact spreading dynamics
and bubble entrapment scenarios for liquids with similar surface tension but different viscosity
values, although the glycerol-water mixture droplet shown in Fig. 5(d) does not exhibit contact
and instead bounces off. The glycerol-water mixture droplets did not exhibit dimple contact mode

due to a stable air layer between the droplet and lubricated surface. The air layer is stable due to

15



the higher viscosity of the droplet resulting in faster attenuation of the impact induced capillary

: . . ’128 3
waves of wavelength A, = y/p,UZ, with the attenuation coefficient § = y gp—;, and therefore
1V 4c

the air cavity formation and subsequent dimple contact mode are suppressed [34]. The
dimensionless times for the 40% glycerol-water mixture droplet show that once the droplet reaches
a minimum height, the droplet glides over the lubricated surface over an extended period prior to
bouncing, which is similar to the results reported in previous studies on viscous droplet impacting
dry surfaces and lubricated films [33,34,67,69,73—76]. The critical capillary number for bubble
entrapment in case of methanol and its aqueous solutions are estimated using the threshold

capillary number for water droplet at We = 4.4, the details of which are explained in Sec. III. B.
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FIG. 5. TIRM images of (a) water droplet impacting at We = 4.4, (b) 80.22% methanol-water
mixture droplet impacting at We = 6.5, (c¢) methanol droplet impacting at We =5.4, and (d) 40%
glycerol-water mixture droplet impacting at We =~ 3.7. While the droplets in (a)-(c) exhibited
dimple contact mode, the droplet in (d) bounced off without contacting the surface due to higher
droplet viscosity suppressing the thin film instability necessary for the dimple contact mode. When
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the droplet surface tension was reduced from 72 mN/m in (a) to 25 mN/m in (b), the size of the
entrapped radial bubbles reduced and for 23 mN/m in (c), all bubbles were suppressed. The
dimensionless time t/tyc = 0 in (a)-(c) corresponds to the time at droplet-surface contact. In (d),
the dimensionless time t/tyc = 0 corresponds to the instance when the air film reaches the
minimum height. Scalebars represent 0.5 mm.
3. Early-stage spreading dynamics

To study the contact line speed during post-contact spreading and its effects on radial bubble
entrapment, the TIRM views of the dimple mode droplets were used to extract spreading radius
Twet OVer the entire spreading duration. The spreading radius 1y, (t) was nondimensionalized
using the droplet radius R and the time t was nondimensionalized using the visco-capillary
timescale, Tyc = iR/, for all droplets undergoing dimple mode spreading. Figure 6(a) shows
the synchronized side-view and TIRM images of dimple mode spreading behavior for 80.22%
methanol-water mixture at dimensionless times t/7yc = 1.36, 6.8, and 14.97. Figure 6(b) shows a
log-log plot of the dimensionless spreading radius 7y,.¢/R versus dimensionless time t/Tyc, for
four different fluids: water (squares), 4.04% (circles) and 80.22% (triangles) methanol-water
mixtures, and pure methanol (diamonds). Solid lines in Fig. 6(b) correspond to experimentally

obtained curve fits for the early-stage spreading and the dashed line corresponds to the Tanner’s

law, a = 0.1, observed during late-stage spreading in previous studies [53].
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FIG. 6. Spreading dynamics of dimple mode for water (squares), 4.04% (circles) and 80.22%
(triangles) methanol-water mixtures, and pure methanol (diamonds) droplets at impact We = 4.9,
5.8, 9.4 and 5.5, respectively. (a) The synchronized side view and TIRM images show 80.22%
methanol-water mixtures at dimensionless times t/7yc = 1.36, 6.8, and 14.97 for dimple mode
spreading, where tyc = R /Y is the visco-capillary timescale. Scalebars represent 0.5 mm. (b) A
log-log scale plot of dimensionless spreading radius ry,.;/R versus dimensionless time t /7y for
dimple mode spreading, for various fluids. The error bars represent standard deviation of the
wetting radius at each time frame. Schematic in inset of (b) shows the typical spreading front shape
during early-stage spreading. Experimentally, the dimple mode exhibited an early-stage spreading
dynamics of 1, /R ~ (t/Tyc)%, where @ = 0.93 =~ 1 was obtained, as shown using solid lines.
The visco-capillary timescale is of the order Tyc ~ O(107>)s for all the droplet impact cases
considered herein. The dashed line corresponds to the Tanner’s law (a = 0.1) observed during
late-stage spreading.

As shown in Fig. 6(b), for the droplets exhibiting the dimple contact mode, the dimensionless
spreading radius versus dimensionless time exhibited an early-stage spreading dynamics of
Twee/R ~ (t/Tyc)®, where @ = 0.93 =~ 1 was obtained. The solid lines were plotted by curve
fitting the experimental early-stage spreading data to the dimensionless expression shown above.

The measured spreading rate exponent, @ = 1, was similar to the ones reported for early-stage
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visco-capillary coalescence of two droplets [53,61-66]. Additionally, neither the impact condition
nor the liquid properties had any significant effect on the spreading rate, as seen from the We
values and the surface tension values of the droplet. As mentioned in the introduction, the drop
coalescence phenomenon follows the visco-capillary scaling at early times and then transitions to
the inertio-capillary scaling, where the former and latter regimes exhibit spreading exponent of 1
and 0.5, respectively. However, for the dimple mode spreading, the spreading rate follows
Twet/R ~ t/Tyc over the entire duration of early-stage spreading and does not exhibit any
transition. Additionally, in Fig. 6(b), we also plot a = 0.1 for the Tanner’s law (dashed line),
where the experimental data for late-stage spreading shows exponents similar to « = 0.1 [53].

Here we compare the dimple mode spreading and coalescing droplets. In droplet coalescence,
we assume that the drop remains nearly spherical at early times and the spreading is axisymmetric
and a liquid bridge forms between the two droplets. In Fig. 7(a), we show the schematic of the
initial neck shape for drop coalescence. The liquid bridge has a radius ., and a height {, where
¢ — 0 as 1, 2 0 which gives rise to a large capillary driving force. For early times (~
0(107% — 1075)s), the liquid bridge remains under a nearly spherical droplet (for small ¢ ) and at
later times, the spherical shape of the droplet is lost when the meniscus height { becomes larger
than the viscous length scale [, = ;?/p;y and hence the spreading transitions from the visco-
capillary regime to the inertio-capillary regime [53,58,61-66]. Additionally, the visco-capillary
scaling can also be observed when the viscosity of the fluid surrounding the droplet is increased,
thus slowing down the contact initiation and subsequent spreading [59,60].

For the case of dimple mode, the droplet deforms significantly during the pre-impact stage
creating a flatter bottom characterized by a thin layer of air between the droplet and the surface.

When the droplet-surface contact is initiated at the central axis, a tiny liquid bridge is formed with
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radius 7,,;, whose height  is of the order of air film height ~ 0(10® — 10%) nm. Here, the
minimum 7, that can be measured depends on the spatial resolution of the TIRM images (~5 pm),
which is at least two orders of magnitude larger than the air film height ahead of the neck. The
curvature of the air-liquid meniscus following k ~ O(1/hy;,) (since h,;, K 7y,) drives the liquid
into the bridge from the droplet above it and leads to an increase in 7, with time. Unlike drop
coalescence where the curvature k decreases with time (i.e., { increases with time, as shown in Fig.
7(a)), the curvature k in dimple mode spreading remains relatively constant over time (i.e., is
sustained, as shown in Figs. 7(b)-(c)), due to the presence of the thin air film ahead of the spreading
front. The sustained meniscus of height { ~ h,;, during early-stage spreading leads to a balance
between the capillary driving force and the viscous dissipation force and hence a constant
spreading rate of a = 1 is observed for the dimple mode spreading shown in Fig. 6(b).
Additionally, we can also see from the TIRM view in Fig. 6(a) (rightmost panel) that once the
droplet has spread significantly and the air film vanishes, the spreading rate decreases significantly
as shown in Fig. 6(b) for t/Tyc > 101, where thin air film ceases to exist and the Tanner’s law
governs the spreading dynamics [53]. The visco-capillary spreading regime observed for the
dimple mode occurs due to the presence of a thin air film of height { ~ h,;, during the entire
duration of early-stage spreading of a deformed droplet. While the maximum contact line speed is
presumably at the instant of contact at the center of the droplet, the surface bubbles are entrapped
only during the constant spreading rate regime due to the amount of time required for the air
pressure buildup near the contact line [48]. The geometry of the air film is also crucial for the

entrapment to occur, which was also found to be the reason for failure in coating flows [11].
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FIG. 7. Schematic of meniscus shape close to the contact line for (a) drop coalescence and (b)
dimple mode spreading. The meniscus height { increases with time for drop coalescence and
remains relatively constant over the spreading duration for dimple mode spreading. (c) Post-
contact air film profile h,;, ahead of the wetting front over the spreading period for the 80.22%
methanol-water mixtures drop impact shown in Fig. 6. The colormap in (c) represents the
dimensionless time of spreading t/7yc. (d) TIRM image at t/7yc =6.8 corresponding to the case
in (¢), where the blue and red arrows indicate the contact line and air film respectively. The scale
bar in (d) represents 0.5 mm.

It is important to note that, the TIRM technique presented here enables accurate probing of
early-stage post-contact spreading dynamics of drop impact, which has been difficult from side-
view images. In addition, most prior droplet impact studies focus on high impact velocities where
the droplet-surface contact occurs off-centered (non-axisymmetric) and the spreading rate
measurements for such contacts can be challenging. The film contact mode (see Fig. 3(a)) occurs
at random locations within the thin air film region and existing scaling models are not applicable
for such non-axisymmetric spreading cases. Using the dimple contact mode reported herein, an

axisymmetric droplet-surface contact can be initiated, and the axisymmetric spreading front

propagation can be successfully used to study the spreading speed.
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4. Ciritical capillary number for bubble entrapment

The TIRM panels in Fig. 5 show that radial bubbles were entrapped during the early-stage
dimple contact spreading. An unstable contact line can be observed at t/tyc =6.8 in the TIRM
image (Fig. 6(a)). The wetting failure was observed during the early-stage spreading dynamics,
Twet/R ~ (t/Tyc)?, resulting in radial bubble entrapment. The observation above motivated us to
investigate capillary number, Ca = U,,ol; /7, for the wetting process, where the Uy,or = driyet/dt
is the contact line velocity, and its implication on the critical capillary number for bubble
entrapment.

Wetting failure for coating flows has been well studied both theoretically [77-79] and
experimentally [11,80]. The critical capillary number for wetting failure, predicted by the

asymptotic analysis, scales as [11]

CaCrit ~ 7T|16n/1| _ Q%ic (1)

where 1 = pg /iy is the viscosity ratio of air and spreading liquid, and 6y, is the microscopic
contact angle. The assumption and derivation for Eq. (1) is included in Section S.6 of the
Supplemental Materials [83]. For a system where liquid displaces air, the viscosity ratio always
falls in the range 0 < A < 1. When the liquid viscosity increases, the absolute value of the
logarithmic term in Eq. (1) increases, implying a higher Ca™t threshold for wetting failure.
However, the Ca®"'t decreases with an increase in microscopic angle 6,,,;., which implies that a
more wettable surface increases the threshold contact line speed, Uy, ¢, for wetting failure. Using
Eq. (1) and assuming that the wetting failure is a precursor to the bubble entrapment and the critical

capillary numbers of the wetting failure for fluids baseline and 2 are of the same order, we get

i 3
Cqbubble - €a5™" ~_bubble . _ 37M421"26micz - bubble )
z Calcjralste base 3”|1nlbase|_2913nic,base base
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where the superscripts crit and bubble represent the critical values of wetting failure and bubble
entrapment, respectively. Equation (2) can be used to estimate the bubble entrapment of a new
fluid drop based on the fluid properties and the critical capillary number of bubble entrapment for
a baseline fluid.

Consider a water droplet as the baseline case, the critical capillary numbers for bubble
entrapment for pure methanol and methanol-water mixtures can be estimated using Eq. (2). Here,

the experimentally determined critical capillary number of bubble entrapment for a water droplet

bubble

is Capyge - = 0.048, corresponding to We = 4.4, with detailed described in the Supplemental

Material [83]. Using the interfacial tension for silicone oil-gas, ygg, shown in Table I and for
silicone oil-liquid, yg;, measured using an in-house pendant drop tensiometry method [81,82],
O mic can be determined following cos(Bpic) = (ysg — ysl) /Y.

Figure 8 shows the TIRM images (left panels) at different dimensionless times for (a) 4.04%
and (b) 80.22% methanol-water mixture droplets, and (c¢) pure methanol droplet and the
experimentally measured Ca versus dimensionless time (right panels). As seen from TIRM images
of Fig. 8(a) and (b), the 4.04% and 80.22% methanol-water mixture droplets undergoing dimple
mode spreading entrapped radial bubbles (blue ellipse). However, for the pure methanol droplet
shown in Fig. 8(c), all bubbles were suppressed. To determine how the Ca value compares with
the critical capillary number for bubble entrapment predicted from theory, we plot the
experimentally measured Ca (symbols) versus dimensionless time against Eq. (2) (dashed lines)
for bubble entrapment. For the 4.04% and 80.22% methanol-water mixture droplets where the
radial bubble entrapment occurred (Figs. 8(a) and (b) left panels), the Ca value was above the
critical capillary number for bubble entrapment (Figs. 8(a) and (b) right panels). However, for the

pure methanol droplet where all radial bubbles were suppressed (Fig. 8(c) left panel), the Ca value
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never exceeded the critical capillary number for bubble entrapment (Fig. 8(c) right panel). The
calculated critical capillary number, Ca®“PP!¢, for 4.04% and 80.22% methanol-water mixtures,
and pure methanol were 0.049, 0.068 and 0.06, respectively, based on Eq. (2).

Regardless of the difference in fluid surface tensions, a thin air film ahead of the contact line
(red arrows) can be observed from the TIRM images in Fig. 8, when the drop initially spreads on
the surface. As mentioned in Sec. III. B. 3., the high curvature due to air film geometry is
responsible for the high capillary number during the early spreading stage. As the spreading radius
increases, the air film is no longer present ahead of the contact line, which leads to decrease in the
spreading rate, and hence a decrease in capillary number is seen in Figs. 8 (a-c) right panels. This
observation confirms the fast-spreading dynamics, 7y,et/R ~ (t/Tyc)? at early-stage is due to the
high capillary driving force of the air film geometry. From the TIRM images, we can also observe
that the number and size of radial entrapped bubbles decreases as the methanol concentration
increases, suggesting that a decrease in liquid-gas surface tension not only increases the threshold
for bubble entrapment, Ca®"®P!®_ but may also decrease the number and size of entrapped radial
bubbles. Based on the above observations, the critical capillary number calculated using Eq. (2)
can be used to reasonably predict when the bubble entrapment would occur for a given liquid,
provided the experimentally measured capillary number for bubble entrapment for a base fluid is
accurately measured. Overall, the results suggest that reduction in liquid surface tension for
droplets spreading via dimple mode can lead to suppression of all surface bubbles and improved

droplet deposition.
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FIG. 8. The left panels show the TIRM views at different dimensionless times for (a) 4.04%, (b)
80.22% methanol-mixture droplets, and (c) pure methanol droplets at impact We = 5.8, 9.4 and
5.5, respectively. Bubble entrapment (blue ellipse) was observed for (a) and (b), while all bubbles
were suppressed for (c). The extended air film ahead of the contact line is denoted using the red
arrow. The right panels show the experimentally measured capillary number, Ca = U, /7,
versus the dimensionless time, /7y, corresponding to the cases shown in the left panel. The
symbols represent the experimentally measured value, and the dashed lines represent the estimated
critical capillary number for bubble entrapment using Eq. (2). At each time frame, the error bars
represent standard deviation of Ca due to variation of wetting speed at different azimuthal position.
During the early stage spreading, for (a) 4.04% and (b) 80.22% methanol-water mixture droplets,
where bubble entrapment was observed, the value of Ca is higher than the critical capillary number
predicted for bubble entrapment, while for the pure methanol droplet, where all bubbles were
suppressed, the value of Ca never exceeds the critical capillary number predicted for bubble
entrapment. For dimensionless times larger than 10%, the value of Ca suddenly decreases, as
spreading transitions from early-stage to viscosity denominated regime.

IV.CONCLUSION
Droplet impact experiments were performed on a lubricated smooth surface at low and

intermediate impact Weber numbers (We ~ 0(10° — 101)) to elucidate dimple contact mode,
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where droplet-surface contact is initiated at the droplet’s central axis and film mode contact, where
droplet-surface contact is initiated randomly at the thinnest region of the air film. The post-contact
bubble entrapment scenarios were systematically studied, and the dimple contact mode was found
to suppress the surface central bubble. Entrapment of surface bubbles were suppressed by reducing
the impact velocity. The effect of droplet’s viscosity and surface tension on bubble entrapment
were also studied independently, where the increase in droplet viscosity led to droplet bounce-off
and the decrease in surface tension led to reduction in surface bubble size. The contact line
propagation speed was found to decrease when the droplet’s surface tension was reduced. At
higher We, the droplet-surface contact occurs at the thinnest region of the air film via film mode
of contact which always entraps both central and radial bubbles.

The early-stage post-contact spreading dynamics was then examined for dimple mode of
contact, which exhibits the visco-capillary scaling of @ = 1, independent of both the impact
conditions and the drop surface tension. Late-stage spreading was found to follow the well-known
Tanner’s law. A critical capillary number, calculated based on wetting failure and bubble
entrapment of a water droplet, was used to predict the bubble entrapment conditions for a given

liquid with good accuracy, providing valuable insight into bubble suppression strategies.
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