Volume 12 | Number 20 | 28 May 2016 | Pages 4501-4676

oft Matter

www.softmatter.org

ISSN 1744-683X

» "

' ROYAL SOCIETY PAPER 7
OF CHEMISTRY Abhishek Saha, Chao Sun et al. ﬁ
Nonmonotonic response of drop impacting on liquid film: mechanism D

Ny and scaling




Published on 09 March 2016. Downloaded by Tsinghua University on 3/6/2024 6:22:22 PM.

Soft Matter

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Nonmonotonic response of drop impacting on

liquid film: mechanism and scaling

Cite this: Soft Matter, 2016,
12, 4521

Xiaoyu Tang,? Abhishek Saha,** Chung K. Law®® and Chao Sun**°

Drop impacting on a liquid film with a finite thickness is omnipresent in nature and plays a critical role in

numerous industrial processes. The impact can result in either bouncing or merging, which is mainly
controlled by the impact inertia of the drop and film thickness. Although it is known that impact with

inertia beyond a critical value on a thick film promotes merging through the breakage of the interfacial

gas layer, here we demonstrate that for an impact inertia less than that critical value, increasing the film
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thickness leads to a nonmonotonic transition from merging to bouncing to merging and finally to
bouncing again. For the first time, two different merging mechanisms are identified and the scaling laws
of the nonmonotonic transitions are developed. These results provide important insights into the role of

the film thickness in the impact dynamics, which is critical for optimizing operating conditions for spray

www.rsc.org/softmatter or ink-jet systems among others.

1 Introduction

Drop impact on either liquid or solid surfaces is ubiquitous in
many technological and natural processes affecting, for example,
the quality of ink-jet printing through spreading and mixing of
the inks,! the microstructure of thermal coatings,* the nature
and extent of soot and pollutant formation through vaporization
and subsequent burning of the liquid fuel spray deposited on
engine surfaces,” and the erosion of soil and transport of the
saline content through impacting rain drops.” Consequently,
various fundamental aspects of drop impact have been exten-
sively studied, including the effects of impact inertia, surface
tension, and viscosity on outcomes such as the spreading,®™°
splashing,”""” and bubble entrapment.’®'®* These out-
comes, however, are largely conditioned on the coalescence of
the impacting drop and the target surface, which may not always
occur. Indeed, studies have shown that the impacting drop can
bounce off the solid®>*™” or liquid®®*° surfaces without coales-
cence. Thus, for a drop impacting on a surface, a central issue is
whether the impact would lead to non-coalescence (bouncing) or
coalescence (merging) of the drop with the surface, and the
mechanism governing the transition from one to the other.
The dynamics of a drop impacting on a solid surface at
which the drop deforms directly against the solid surface is
characteristically different from that of a drop impacting on a
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liquid pool with a large thickness for which the deformation
occurs at the pool surface and the base of the drop, and the effect
of the solid surface below the liquid pool on the impact
dynamics is minimal. For both cases, the impact inertia is the
primary cause to break the interfacial gas layer instituting
coalescence. However, much less studies have been conducted
on the film thickness of the order of the drop size as both the
drop and film deform through the influence of the solid surface
under the liquid film, which subsequently affects the transition
from bouncing to merging. Of particular interest is the observa-
tion of Pan et al.*® that, while bouncing and merging respectively
occur for small and large impact inertia, in the transition regime
of the impact inertia, the impact outcome varies nonmonoto-
nically with increasing film thickness. As the film thickness
increases, the impact sequentially results in merging, bouncing,
merging, and bouncing again. Using a different experimental
setup, in the current work, we have reproduced this nonmono-
tonic behavior for larger drops and the outcome is summarized
in Fig. 1. The new setup has the capability to provide detailed
quantification of the impact dynamics beneath the liquid
surface, which gives rise to further categorization of the merging
regime into early and late merging, with the latter only appearing
in the merging peninsula when H* (defined as the film thickness
normalized by the drop radius) is above 1.5. The existence and
mechanistic difference between the two merging regimes are
identified for the first time and the transition boundaries
encompassing the late merging peninsula are analyzed and
described using scaling laws. Furthermore, the transition criteria
for other regimes are also systematically studied and established
and the role of the bottom solid surface in the nonmonotonic
transition is identified.
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Fig. 1 Regime diagram of impact outcomes at various We = 2pRU?/¢ and
film thicknesses normalized by drop radius H* = H/R. Bouncing is repre-
sented by grey squares, while early and late merging are represented by
the solid and open black circles, respectively. Transition boundaries across
different regimes: IL: inertial limit; TFL: thin-film limit; DT: deformation
transition; and DPL: deep-pool limit.

2 Method

The experimental setup (shown in Fig. 2) consists of a drop
generator, two sets of high-speed cameras with appropriate lens
systems and high-intensity light sources, and a timing unit to
synchronize the cameras. The drop was generated by a syringe
pump and it detached from the tip of the needle when its
weight overcame the capillary force. The falling drop landed on
the liquid pool contained in a cubic glass-walled chamber with
a 1.2 mm thick microscope glass slide at the bottom. The width
of the chamber was large enough to avoid the wall effects on the
impact process. The drop generated was around 1.6 mm in
diameter. The impact velocity of the drop was controlled by
changing the height of the needle from the impacted surface.
Tetradecane (density: 760 kg m?, air-liquid surface tension:
27 mN m™ ", and dynamic viscosity: 2.3 mPa s) was used as the
working fluid.

A monochromatic high-speed camera (Phantom V7.3) along
with a 50 mm lens (Nikon), a 2x tele-convertor and an

From syringe pump
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Fig. 2 Experimental setup.
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extension bellow were placed to capture the side-view shadow-
graph of the falling drop using a high intensity halogen light
for backlighting. A separate high-speed color camera (Phantom
V710) with a microscopic lens system (Navitar 6000) connected
to a 5x objective (Mitutoyo) and a coaxially ported broadband
white light (Olympus ILP2) was used to see through the glass
surface at the bottom of the chamber to capture the interfer-
ence pattern created by the thin interfacial gas layer trapped
between the drop and film surfaces. The details of this technique of
high-speed color interferometry are given in ref. 21 and 30. The
interference pattern, which was observed until the interfaces
merge, enabled an unambiguous identification of the merging
instant. Both of these cameras were operated at 15000 frames
per second (fps), with spatial resolutions of ~17 pm and ~0.75 pm
per pixel for side- and bottom-view images, respectively. The drop
diameter, impact speed and liquid film thickness were mea-
sured by analyzing the side-view images from individual experi-
ments. Images were post-processed using the commercial
software MATLAB and its image-processing library.

3 Results and discussion
3.1 Regime diagram

Collision between two liquid masses can result in either
merging or bouncing, in which the former is signified by the
merging of the two interfaces while the latter by the separation
of the interfaces throughout the entire impact event followed by
bouncing. For droplet-droplet®® and jet-jet*** impacts the
transition between different outcomes has been found to
be nonmonotonic, changing from merging to bouncing to
merging again with increasing impact inertia. These transitions
have been explained through the competitive role of impact
inertia, liquid deformation, internal viscous loss inside the
liquid, and the pressure buildup in the interfacial region.*'"*?
A drop impacting on a liquid surface likewise can also result
in two outcomes: bouncing and merging. Mechanistically, as
the drop approaches the stationary film, it deforms the liquid
film and at the same time creates an interfacial gas layer which
is squeezed by the inertia of the impacting drop. Under this
squeezing motion, if the interfacial gas layer thickness is
reduced to a critical value, typically of the order of a few
hundred nanometers,>**%333% the intermolecular van der
Waals force causes breakage of the gas layer and consequently
merging of the two liquid surfaces. Such an impact is shown
through a series of side-view high-speed images in Fig. 3a,
where time ¢ is the elapsed time after the drop reaches the
liquid surface. As indicated in the first two frames in the figure,
the interface between the deformed liquid pool surface and the
drop separated by a gas layer can be visualized as a sharp
“black” boundary. The drop starts penetrating the liquid pool
upon impact, until the gas layer collapses at ¢ = 3.66 ms,
signified by the disappearance of the black boundary. On the
other hand, if the interfacial gas layer remains thicker than a
critical value, the drop and the liquid surfaces are separated
throughout the entire penetration process. The film surface

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Side-view (a and c) and bottom-view (b and d) snapshots of the drop-film impact event. (a and b) Merging case: We = 15.20 and H* = 2.46. (cand d).
Bouncing case: We = 11.98 and H* = 2.55. Time is measured from the instant when the drop reaches the liquid surface.

and the drop start to retract at maximum deformation to regain
their respective original spherical and planar shapes leading to
bouncing. Fig. 3c shows the high-speed images of such a
bouncing event: where one can identify the initial downward
motion (penetration stage) followed by the upward motion of
the film (retraction stage) while the boundaries indicating the
interface are always present. The fact that the interfacial gas
layer persists and separates the drop from the film is further
supported by the continuous existence of the interference
pattern resulting from the interfaces of the drop base and the
liquid film surface, as shown in Fig. 3d. In the case of merging,
however, the fringes disappear leaving a black zone in the
bottom-view image in Fig. 3b, once merging occurs.
Mechanistically, the drop inertia and the surface deforma-
tion of the drop and liquid surfaces play critical roles in the
impact dynamics, with the deformation controlled by the liquid
surface tension and the liquid layer thickness. Consequently,
the transition between bouncing and merging can be charac-
terized by two nondimensional parameters: normalized film
thickness, H* = H/R, where H is the film thickness and R the
drop radius, with the superscript “*” designating quantities
normalized by the drop radius; and the Weber number,
We = 2pRU’/g, which characterizes the ratio of drop inertia
and surface tension. Here U, p, and ¢ are the drop impact
velocity, the liquid density and the surface tension, respectively.
The impact outcome in the H*-We regime diagram is shown in
Fig. 1 with the following characteristics. First, there is a critical
Weber number, We.; =~ 15, beyond which the drop always

This journal is © The Royal Society of Chemistry 2016

merges with the liquid film irrespective of its thickness. This
boundary, referred to as the “inertial limit”, is represented by the
black solid line in Fig. 1. The “inertial limit” divides the regime
diagram into a pure merging zone for higher We and a mixed
zone of either merging or bouncing below We,,, where the impact
outcome varies nonmonotonically as H* increases from 0, with
transitions from merging to bouncing, to merging, and finally to
bouncing again. This triple reversal of the impact outcome
extends the merging zone near small H* as a tail and near
intermediate H* as an additional merging peninsula. The first
boundary at small film thickness (H* < 0.7), where the transi-
tional H* shows a positive dependence on We, is termed the
“thin-film limit”, shown by the solid magenta line in Fig. 1. At the
next transitional boundary (from bouncing to merging), which
constitutes the bottom part of the merging peninsula, H* does not
show noticeable dependence on We, occurring at H* ~ 1.5. We
shall refer to this boundary as the “deformation transition”,
marked by the solid red line in Fig. 1. The final transitional line
forms the upper boundary of the merging peninsula, where H*
increases with We, referred to as the “deep-pool limit”, and is
shown as the solid blue line in Fig. 1. We further divide the
merging outcomes into two types, ‘“early merging” and “late
merging”, which are respectively marked by solid and open black
circles. The delineation of these sub-categories is discussed later.

3.2 Inertial limit

Mechanistically, when the drop impacts the liquid film with
enough inertia, it can overcome the resistance due to the

Soft Matter, 2016, 12, 4521-4529 | 4523
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pressure build-up in the interfacial gas layer, and locally
succeeds in bringing the interfaces close enough for the
van der Waals force to effect merging. The critical gas layer
thickness d.. for merging to occur is found to be around
200 nm.>*?%3331 A gcaling dependence of the dimple height,
a characteristic thickness of the gas layer, on the impact
velocity for drop impact on solid surfaces has been derived
and experimentally validated.*>*® This dependence has been
adopted successfully by Tran et al. for drops impacting on liquid
pools.>" According to this scaling, the dimple height of the air
layer depends on the Stokes number, which corresponds to the
relation, d ~ U, **R"3p~>"1,>", where d is the dimple height,
U, the penetration velocity, which is the speed at which the drop
moves into the liquid film, and p, the dynamic viscosity of the
surrounding gas. The critical penetration velocity that reduces
the gas layer thickness to the critical value d., is thus:

,ugRl/2

Up,cr ~ dcr73/2 (1)
It is noted that the process of merging through the collapsing
gas layer is restricted to a localized zone around the interface
and thus does not depend on the global parameters such as the
liquid film thickness. However, the film thickness can alter U,
which can be different from U. As the drop impacts the liquid
film, it simultaneously deforms and pushes the liquid within the
film, converting part of its kinetic energy to the surface and
kinetic energies of the deformed film. The merging in this
regime generally occurs very early in the penetration process,
inhibiting significant deformation of the drop and the liquid
film. Thus for simplicity we ignore the changes in the drop
and liquid film surface energies. Viscous dissipation is also
neglected in the present work because the Reynolds number is
around 150. Moreover, Tran et al.>' showed that the penetration
processes for liquids with various viscosities indeed are very
similar. To analyze the energy conversion, for the impact on a
liquid film with a large thickness (H* > 1), one can assume that
the movement of the drop into the film generates a radial
potential flow around the drop, as illustrated in Fig. 4a, where
the flow velocity V in the film scales as V ~ U,R’/r’, at distance r
radially from the drop center. To evaluate the induced kinetic
energy in the film with large thickness, KE;, we integrate the
kinetic energy of the infinitely thin shell with thickness dr at
radius r, within the liquid film,

KE; = J 2npr Vidr ~ J 2np1‘2(UpR3/r3)2dr = 2pR3 Up2
R R

2)

Balancing the drop kinetic energy before the impact, KEq ¢ =
2npR*U%/3, with the total kinetic energy of the drop, KEq =
2mpR’U,*/3, and the film, KE¢ = 2npR*U,’, during the penetra-
tion process yields

Up/lU = 1/2 (3)

Both in our experiments and the literature,”" U, is indeed
found to be about half of U. It is also important to note that
this relationship does not depend on H* for large values of H*.

4524 | Soft Matter, 2016, 12, 4521-4529
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Fig. 4 Schematic of the flow field induced by the drop inside the liquid
film: (a) inertial limit, (b) thin-film limit.

Combining eqn (1) and (3), we arrive at a critical impact velocity
and the corresponding critical We, which is the measure of the
minimum impact inertia required for merging, defining the
inertial limit as

2,u RI/2 -
(Uer)in ~ 32 (4a)
8u,2R?
(Weer), ~ ,50' dee > (4b)

It is seen that We. does not depend on the liquid film
thickness and thus appears as a vertical line around 15 in the
regime diagram (marked as the solid black line in Fig. 1). The
transition from bouncing to merging across this limit is mainly
controlled by the impact inertia.

For We < We,,, the drop lacks sufficient impact inertia to
break the interfacial gas layer and to induce merging. However,
in the sub-critical regime there exist two extended merging
sub-regimes, which are affected by the bottom solid surface,
analyzed next.

3.3 Thin-film limit

As the film thickness is reduced to very small values, the
penetration process is inhibited by the presence of the
solid surface. This, in turn, modifies the flow field generated
inside the liquid film. As shown in Fig. 4b, the motion
inside the liquid film assumes a cylindrical rather than a
spherical geometry as it is for large H*. If we consider a
liquid cylinder of radius b and height H that is displaced by
the drop, the velocity of this displaced mass V is obtained
by continuity pnb>U, ~ 2pnbHV, where b = R[H*(2 — H*)]"?,
the contact radius with the liquid film when the drop reaches
the bottom, is found through the geometric consideration. The
induced kinetic energy of this displaced mass, therefore, becomes
KE; ~ inpb>HV?. Following energy conservation before and

This journal is © The Royal Society of Chemistry 2016
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after the impact, we arrive at the relation $pnR>U* ~ pnb>HV?.
Thus the ratio of the impact and penetration We is

We U2 * %12
W—ep_U—psz(Z—H) (5)
which increases as H* increases.

Although the penetration velocity itself is affected by the
film thickness, the critical value required for merging remains
unaffected. The collapse of the gas layer is solely controlled by
its local characteristic thickness; as such, eqn (1) is still relevant
to calculate the critical penetration velocity. Eqn (1) and (5),
therefore, determine We,, for the thin-film limit as

2,ug2R2

(Wee)p~ % —der™ [ (2 = H')?] )
which appears as a tail extension of the We,, given by eqn (4b),
into this regime with small H* (shown as the solid magenta line
in Fig. 1). As the film thickness increases within this regime,
the drop is required to displace larger volume of liquid and
hence transfers more energy to the film with less energy
remaining to break the gas layer. Therefore, the impact requires
a larger inertia or We for the transition to merging as indicated
by eqn (6). As the film thickness further increases, the thin-film
limit intersects with the inertial limit and the critical We is not
dependent on H* any more.

3.4 Deformation transition

When the film thickness increases to reach the deformation
transition boundary, merging reappears. To compare the mer-
ging behavior of this regime with that beyond the inertial limit,
the merging time, which is measured as the elapsed time
between impacts, the time when the drop reaches the surface,
and the breakage of the gas layer are examined for both the regimes.
The histogram of the merging time (Fig. 5) displays a bi-modal
distribution, in that the higher values (more than ~ 8 ms) are
only associated with impacts in this merging peninsula and all
of the lower values (less than ~5 ms) appear in the inertia-
controlled merging regime beyond the inertial limit. The vastly
distinguished merging times indicate the merging mechanisms

15

10

Count

00123456789

tmm*ge(ms)

Fig. 5 Histogram of merging time. The merging time is calculated from
the time the drop impacts on the surface to the instant the gas layer
breaks. Blue: early merging; red: late merging.
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are markedly different. We thus further categorize the merging
regimes into late merging as occurring in this peninsula and
early merging for the rest (Fig. 1).

To understand the cause of the late merging time in the
peninsula, the side-view images of the bouncing and merging
cases across the deformation transition are compared in Fig. 6.
During the penetration process, although the actual drop is
invisible in the side-view images, the shape of the liquid film
can be a good indicator for the drop shape, as they closely
follow each other near the bottom of the deformed film. From
the bouncing case shown in Fig. 6a, as indicated by the
variation of the width of the deformed film, one can readily
see that upon reaching the bottom of the film, the drop
deforms to spread along the solid surface, reaches a maximum
width when it loses all the kinetic energy, and then retracts to
bounce off. Careful observation of the high-speed images
(Fig. 6b) of the merging case shows that it is during the
retraction stage that the interfacial gas layer collapses, inducing
merging. Unlike the early merging case where the gas layer
collapses as the drop penetrates into the liquid film prior to
reaching the bottom solid surface or maximum depth, for the
late merging case, merging does not occur until the drop
spreads on the bottom solid surface and starts to retract,
leading to a longer merging time. It is not difficult to under-
stand that for a fixed film thickness in the merging peninsula,
increasing We from below to above the inertial limit leads to
the change in the merging appearance from the retraction stage
to the penetration stage. It is important to note that although
the drop reaches close to the bottom surface and spreads, there
always exists a very thin layer of liquid film between the drop
and the solid surface. The complete depletion of the liquid film
is extremely difficult for wettable solid surfaces and viscous
liquids, such as the present one.

In order to scrutinize the dynamics of this transition from
bouncing to merging, we first recognize that the drop behavior
is analogous to a drop impacting on a dry surface,” where upon
impact the drop deforms to a pancake shape and then to a
vertical cylinder. The major difference, however, lies in the fact
that for drop-film interactions, the film also spreads and
retracts on the solid surface along with the drop. It is the
competition between the retraction processes of these two
surfaces that determines whether merging will occur. Categorically,
if the film retracts faster than the deformed drop when both of
them start to move up, it will catch up with the drop, inducing
merging. The retraction speed is attained through the conver-
sion from the excess surface energy. When the drop reaches
the maximum spread, it loses all of its initial kinetic energy,
with most of them converted to the additional surface
energies of the deformed drop and film compared to the initial
undisturbed state. As the surfaces relax during the retraction
process, these additional surface energies are converted into
the respective kinetic energies. At the point of maximum
spread, if the additional surface energy contained in the
deformed film is larger than that of the deformed drop, during
the retraction process, the film will retract at a larger speed,
facilitating merging.

Soft Matter, 2016, 12, 4521-4529 | 4525
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Fig. 6 Side-view snapshots near the lower boundary of the merging peninsula. (a) Bouncing case: We = 12.3 and H* = 1.1. (b) Merging case: We = 12 and
H* = 1.67. Time is measured from the instant when the drop reaches the liquid surface.

To support the above argument that this particular transition
from bouncing to merging is controlled by the relative deforma-
tion or the relative additional surface energies of the film and the
drop, the ratio of these two quantities is plotted from the experi-
ments in Fig. 7a. The additional film surface energy is directly
calculated from the side-view images by multiplying the increase
in the film surface area with surface tension, while the additional
drop surface energy is calculated by subtracting the additional
film surface energy from the initial kinetic energy of the drop.
Fig. 7a clearly suggests that irrespective of We, the transition from
bouncing to merging occurs when the ratio between the addi-
tional surface energies of the drop and the film crosses a certain
limit. Thus the late merging is indeed facilitated by the bottom
solid surface during the interaction between the drop and the
liquid film, without any of which merging would not occur.

To analyze the relative deformation between the drop and the
film as a function of the film thickness, we assume that at the
point of maximum spread, the drop takes the shape of a short
vertical cylinder, as shown in Fig. 7b. At this state, the increase in
surface energies for the film and the drop can be expressed as
ASE; ~ o(2nwH) and ASEq ~ o(2mw® + 2nwHy) — o(4nR%), where
Hy is the deformed drop height and 2w the maximum spread of
the drop. By imposing the mass conservation between the unde-
formed and deformed drops, one can write Hy = (4/3)R*/w*. We
can see that a larger film thickness allows more deformation in
the film and thus a larger increase in the surface energy. In the
limiting case, for merging to occur, the increase in surface energy
of the deformed film equals to that of the drop, i.e. ASE¢ ~ ASEq4.
So for the transition we can write

2 41
H, ~(w —-——4+-— 7
cr (W o + 3%’*2) ( )

Eqn (7) suggests that the transition from bouncing to
merging depends on w* = w/R, which is the maximum radius
of the deformed drop normalized by the drop radius. For drop

4526 | Soft Matter, 2016, 12, 4521-4529
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Fig. 7 Analysis of the deformation transition. (a) Ratio of the additional
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Schematic of the simplified geometry when the drop reaches the bottom
solid surface. (c) Normalized deformed drop radius as a function of We.
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impacting on a solid surface, w* is reported to have a weak
dependence on We in the lower We region.*” % However, in the
presence of the film, which significantly alters the spreading
dynamics and limits the spreading of the drop, we find that w* is
practically independent of We in the limited We regime of the
current work, as shown in Fig. 7c. This immediately suggests
that the equation for the lower boundary of the merging penin-
sula is H* ~ constant, which takes a value of 1.5 for the current
experiments, shown as the solid red line in Fig. 1.

3.5 Deep-pool limit

As the film thickness further increases, the next transition
boundary is observed, as the impact results in bouncing again.
Physically, for a fixed impact inertia, if the film thickness is
beyond a certain value the penetration process will not be
affected by the bottom surface anymore, reaching the deep-
pool limit. Beyond this limit, even at the point of maximum
penetration when the drop loses all its kinetic energy, it does
not reach the bottom of the film. From experiments, as the
drop moves through the film, we can track the distance
between the original film surface and the bottom-most point
of the drop, referred to as the penetration depth #,. From the
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3
. 10.0. 2.
0.5 « 13.0,2.7
o 14.6,2.9
1 We, H*
* 8
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temporal evolution of the normalized penetration depth, A,*
(=hp/R), shown in Fig. 8a, we see that the drop penetrates into
the film to reach a maximum depth before it starts moving
upward. Comparing the different curves in Fig. 8a reveals that
the maximum penetration depth increases with We. The max-
imum normalized penetration depth, (,*)max, across a range of
We is plotted and found to roughly have a linear dependence
on We, as shown in Fig. 8b. It is obvious that, unlike previous
regimes, here the drop does not spread over the solid surface
during the penetration process. With the absence of any aid for
the deformation-induced merging, merging can only be instituted
by the impact inertia, which is not large enough in this sub-critical
region for We < We,,, resulting in bouncing. Mechanistically,
thus, the transition to this deep-pool regime from the merging
peninsula occurs when H* > (/,*)max-

To identify the scaling dependence of (7,*)max On We, an
energy analysis was performed assuming that all of the drop
kinetic energy converts to the surface and kinetic energies of
the liquid film when the drop reaches the maximum depth.
Here, we neglect the drop deformation and consider the film
deforms in the shape of a cylindrical well with a hemispherical
cap, as shown in Fig. 8c. The kinetic energies for the drop and
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Fig. 8 Analysis of the deep-pool limit. (a) Time evolution of the penetration depth of drop normalized by drop radius for various We and H*.
(b) Maximum penetration depth vs. We. Solid circle: experiment; line: scaling. (c) Schematic of the simplified geometry at the maximum penetration.
(d) Drop penetration depth normalized by the maximum penetration depth vs. time normalized by liquid film capillary time scale, t.,, ~ 8.43 ms for

various We and H*.
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the film have already been modeled in eqn (2) and related
discussions. The initial film surface energy is evaluated on a
disc of radius R that is affected by the impacting drop to be
SEgpo = onR?, while the film surface energy, when the drop reaches
the maximum penetration, is SE¢ = o[2nR((Ay)max — R) + 2R’
based on the shape assumed. Balancing the total energy before
the impact including the drop kinetic energy and film surface
energy, KEq, and SE¢,, with the total energy when the drop
reaches the maximum penetration including the kinetic energy
of the film, KE¢, and surface energy of the film, SE¢, one finds
that (2,*)max is linearly dependent on We, which can be
expressed as (h,*)max = @ + bWe. The constants a and b are
obtained from the best linear fit of the experimental data in
Fig. 8b which results in (A,*)max & 1+ We/12. Finally, imposing
the conditions that the transition from the merging peninsula
to the deep-pool regime occurs when H* > (h,*)max, We can
express the deep-pool limit (marked as the solid blue line
in Fig. 1) as

H.* ~ 1+ We/12 (8)

Two additional aspects of this limit are noted. First, as we
have neglected gravity in the analysis, this scaling is valid only
when the kinetic energy is much larger than the potential
energy of the drop during the penetration process. In the
regime studied, the gravitational effect is at most 5% of the
kinetic energy (U*/gH ~ 24). Extending eqn (8) to the limit of
We — 0, thus, will not yield the correct penetration depth, as
gravity will dominate the drop motion. Second, it is found that
the time taken by the drop to reach the maximum penetration
depth for all of the We in the deep-pool limit is almost identical,
being about 8 ms, as seen in Fig. 8a. This is due to the fact that, in the
sub-critical zone where We is low, the process is controlled by the
capillarity of the film which is deformed to allow the drop to
penetrate. The capillary time scale associated with the free surface
is given by fep = 2M/cap, in which the angular speed can be
expressed as wep = (0k® tan(kH)/p)"'?, where k is the wavenumber
of the disturbance.** For the drop impact in the deep-pool regime
(H >» R), one can approximate k ~ 2/R, resulting in tan(kH) ~ 1.
Thus, we can write ., ~ 2n(pR*/80)"?, yielding tep ~ 8.43 ms,

3.5 In(xmia‘l Limit
Weea =~ 15
3
2.5
Deep-pool Limit
Hi =~1+We/12 —>
2
= 1
D Deformation Trafisition
H: ~15
1
0.5 Thin-film Limit » ;
Wee ~ H*(2 — H*)?
0
0 5 10 15 20

We
Fig. 9 Regime diagram with scaling laws for the transition boundaries.
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which is very close to the time taken by the drop to reach the
maximum penetration depth. Now if the penetration traces are
replotted using the experimental A,* normalized by the modeled
(Mp*)max given by eqn (8), and time ¢ normalized by #c,p, One can
collapse all the data for various We onto a master curve, as shown
in Fig. 8d. Such a collapse of the temporal evolution of the drop
motion confirms that the penetration process in this range of We
is, indeed, mainly controlled by the liquid film capillarity.

4 Conclusion

We now summarize the bouncing-merging transitions for
drops impacting on a liquid film at various We and H*. In
Fig. 9 we combine the scaling laws for all the transitional
boundaries described through eqn (4b) and (6)-(8) on the
regime diagram. The transition at the inertial limit occurs
when a drop carries large enough inertia to break the interfacial
gas layer inducing merging at the penetration stage. It is the
penetration velocity that breaks the gas layer and is half of the
impact velocity and independent of the film thickness for H* > 0.
Thus, the inertial limit, in essence, is a constant We line. However,
when the film thickness reduces to small values, the bottom
surface restricts the fluid motion in the film that modifies the flow
field. With decreasing film thickness the drop loses less energy to
the film, rendering merging easier. Thus, in the thin-film limit,
We,, decreases with decreasing H*, forming a tail extension of the
inertial limit. In the late merging peninsula, the gas layer is
broken as the drop retracts against the bottom solid surface,
contrasting that of the early merging case. A larger retraction
speed of the film relative to the drop pushes the gas layer to
collapse and is mainly controlled by the relative deformation. It is
a function of the film thickness only, leading to a constant H.*
boundary for the deformation transition. Finally, the solid surface
assisted merging disappears when the film thickness becomes too
large for the drop to penetrate to the bottom. The maximum
penetration depth of a drop linearly increases with the impact
inertia and, as a result, H.,* shows a linear dependence on We at
the deep-pool limit.
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