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EPIGRAPH

You would never know if a drop fell in the water. If you didn’t see the ripples.

—James John
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ABSTRACT OF THE THESIS
A Study of Droplet Impact on Liquid Film Using
Two-Liquid Systems
by
Xian Wu
Master of Science in Engineering Science (Applied Ocean Science)

University of California San Diego 2020

Professor Abhishek Saha, Chair

Droplet impact on liquid film is of critical importance in several industrial ap-
plications, such as inkjet printing and thermal sprays. Single-liquid system (same
liquid for the droplet and the liquid film) has shown two outcomes for the impact of
a droplet on a liquid film, namely bouncing and merging. The transition between the

regimes of bouncing and merging has been reported to be a function of the impact
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Weber number and the film thickness. Very often, in practical application such as
in multiple layer 3D printing, the droplet and liquid film are composed of different
liquids. Thus, a good understanding of the droplet impact dynamics in two-liquid
systems (i.e. different liquid for the droplet and the film) is required to control
these processes. However, very few studies in literature have focused on two-liquid
systems. In this thesis, we experimentally investigate the dynamics of droplet im-
pact in a two-liquid system with contrasting liquid property ratios. Experimental
observations from the two-liquid systems show a significant shift in the transitional
boundaries, where droplet impact outcomes change from bouncing to merging, with
respect to that of the single-liquid system. In addition to the two types of merg-
ing of the droplet to the liquid film, early merging and late merging, reported for
single-liquid systems, we also observe a new type of merging for two-liquid systems.
Additionally, the findings from experiments have also been reproduced using theo-

retical analysis.
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Chapter 1

Introduction

Situations in which droplets with variable size move and impact with another
object or surface often happen in natural and industrial world. The outcome of the
droplet impact is playing the most important role in various physical processes, such
as combustion, printing, surface coating and other manufacturing methods.

In order to understand the mechanism behind the outcome of droplet impact,
many studies have been done both experimentally and theoretically. Here, in this
thesis, the impact outcomes from the droplet impact on liquid film in both single-

liquid systems and two-liquid systems are presented and discussed.

1.1 Background

Among engineering applications that involve the impact of droplets, the outcome
of the impact of a droplet on a solid or liquid surface is very important. Splashing,

jetting, and bouncing are some of the most common outcomes of droplet impact.



Understanding the mechanism of each of these outcomes is crucial in order to control
the impact outcomes in industrial applications. One important process that is highly
affected by the impact of droplet on a wet or dry surface is inkjet printing.

Inkjet printing is a technology where text and images are printed onto a porous
surface. In the printing process, the ink is always in the form of a droplet that
impacts on a target surface (mostly a solid surface). Inkjet printing can also be done
layer by layer to contract a 3D model, a process commonly known as 3D printing,
or additive manufacturing (AM). Wang et al.[1] reviewed the common 3D printing
technique including the inkjet 3D printing. In inkjet 3D printing, also known as
powder-liquid 3D printing, a liquid droplet will land on a layer of powder, spreading
in a designed position in each layer. Many factors in the droplet impact process
affect the quality of the final products, such as the size of the droplet, the viscosity,
and interaction between the droplet and the powder layer.

Calvert[2] reviewed different inkjet printing techniques that uses a wide range of
materials and concluded various outstanding issues that affects the interaction of the
ink with the substrate. Specifically, in multiple layer printing, due to different drying
time for each layer, re-dissolution, re-suspension or re-melting will occur in between
each layer. This is one of the major challenge in controlling the printing of multiple
layers in such a process. Each of these layers mix and form discrete unmixed layers.

Another interesting application that involves droplets is the thermal sprays to
generate thermal barrier coating that are widely used in modern gas turbine engines
to decrease the heat transfer to the metal surface. The key technique used for the

application of the coating is a thermal spray. Feuerstein et al.[3] reviewed the major



elements of thermal sprays such as material, equipment and processing. To get a
better understanding of how the micro-structure of spray coating depends on the
operation condition, Mostaghimi et al.[4] developed a model for the high velocity
oxy-fuel spray coating process. This model considers both the effect of different
spray parameters such as particle size, temperature, velocity and impact points, on
the quality and characteristics of the surface coating. As the former droplet impacts
and deforms into a splat, the following droplet would impact onto the splat instead
of the original solid surface. Here, they used a simple disc-shape spread model
developed by Aziz and Chandra[5] which neglects splashing and break-up.

Among all these applications, the impact of droplet serves as a process to transfer
the required information. If the outcome of the droplet impact remains out of control,
the efficiency of related application can not be ensured. For instance, in the thermal
spray model, many problem will occur when splashing happens as the system is
designed to fit the non-splashing model. Hence, to understand and control the impact

outcomes are of crucial importance.

1.2 Droplet Impact Phenomenon

1.2.1 Methodology

To study the droplet impact phenomenon, several methods are used both ex-
perimentally and analytically. Before the advent of high speed imaging, manual
observations were used to study droplet impact [6]. Current experimental investi-

gations involve high speed imaging [7], shadowgraphy [8], interferometry[9], Particle



Image Velocimetry (PIV) [10] to study the flow fields, Laser Induced Fluorescence
(LIF) [11]to study mixing, tomography to study dynamics of droplet clouds etc. One
can also study the dynamics of droplet using high fidelity numerical simulations [12].

Worthington[6] was one of the pioneers who reported experimental observations
of impacts of a liquid droplet on a solid surface. He studied patterns left by the
droplet’s impact on a solid surface. A manual observation method was used where a
stroboscopic light is used to illuminate the droplet as it impacted the solid surface
which left a visual memory of the shape of the droplet impact. Several drawings
were shown to describe how the impact patterns form and grow.

With the growth of high speed imaging technology, scientists can now observe
the impact phenomena in a very detailed manner. Thoroddsen et al.[13] provides a
detailed review of high speed imaging techniques used to study droplets and bubbles.

Apart from the experimental approaches, many studies analyze droplet impact
analytically or numerically. Many modeling ([14], [15], [16]) have been done in the
droplet impact on solid surface by using the energy balance between the initial kinetic
energy of the droplet, surface energy and the viscous dissipation. However, these
models lack of detailed information like pressure or velocity during the deformation
of the droplet[17]. Harlow and Shannon[18] numerically solved the full Navier-Stocks
equation in cylindrical coordinates to investigate the splash resulting from an impact

of a droplet on a flat plate.



1.2.2 Droplet Impact on Solid Surface

Droplet impact on dry surfaces has been well studied because of its relevance in
with printing and coating. Josserand and Thoroddsen[19] gives a detailed review of
various studies on impact of a droplet on a solid surface. Three outcomes of impact
was reported, namely deposition, bouncing and splashing. They remarked that even
a very thin layer of liquid film can cause a significant change in impact outcomes.

Power-law boundary relations were formulated by Vander Walto et al.[20] to
delineate the splash and non-splash regimes of impact on dry surfaces or thin films
under isothermal conditions, using the Ohnesorge and Reynolds numbers.

Some of the studies focus on the different outcomes of droplet impact caused by
contrasting nature of the impact surfaces. Hydrophobic surfaces are commonly used
to study the droplet impact mechanism. Bartolo et al.[21] discovered that when
water droplets gently impact on a hydrophobic surface, the droplet shoots out a
violent jet. Alternatively, a superamphiphobic coating surface was used by Xu Deng
et al.[22]. They observed multiple different impact modes such as rebounding, partial
or full pinning, or splashing by changing the inertia of the droplet and the capillarity
of the impact surface. By comparing different ethanol-water and glycerin-water
droplets, two retraction modes of the film post droplet impact were discussed where
the surface energy mainly transfers the kinetic energy of the film. Lastly, Antonini
et al.[23] studied the droplet impact phenomenon on different surfaces ranging from
hydrophilic to superhydrophobic.

Smith and Bertola[24] measured the fluid velocity inside the impacting droplets

using particle image velocimetry (PIV). The velocity of the fluid inside the droplet



was expressed as a function of time and the radial position. By comparing this
velocity function for water droplet with a 200 ppm polyethylene oxide droplet, they
identified extensional viscosity as the main factor that determine the anti-rebound

effect during both the spreading and the rebounding processes.

1.2.3 Droplet Impact on Liquid Surface

Beyond solid surfaces, considerable studies have focused on the droplet impacting
on a liquid film (however, in single liquid system). Yarin[25] provides a review of the
outcomes of droplet impact on liquid films. Several impact outcomes, such as crown
formation (splashing), drop spreading, jetting and fingering were identified.

Pan and Law|[26] investigated the head-on collision of drop impact on same liquid
film. The transition from bouncing, which means the drop is absorbed by film in
certain impact Weber number, to merging is mainly studied both experimentally and
computationally. The impact behavior was explained, and the impact results were
summarized with the change in impact Weber number and the film thickness.

Tang et al.[27] used more experimental data to show the impact outcome regime
graph, with respect to different liquid. The impact outcomes were divided into
bouncing, early merging and late merging because of different impact Weber number
and the film thickness. Also, the viscosity effect on the impact result was discussed
in the impacting model with the energy balance. Thus each transition limits were
explained with the dependence on impact Weber number or film thickness.

Harlow and Shannon[18] numerically solved the full Navier-Stock equation in

cylindrical coordinate to investigate the splash of droplet impact on a flat plate,



into a shallow pool or into a deep pool. Marie-Jean Thoraval et al.[28] discussed
the splashing resulting from the droplet impact on a liquid pool in detail. The
microdroplets generating from the splash were traced by ultrahigh-speed imaging
and high-resolution simulation of the impact process. Cossali et al.[29] studied the
splashing of a droplet when it impacts on a thin film through experiments. They
observed that the film thickness does not have a strong influence over the splashing
process. The impact Weber number controls the crown height, whereas the growth
rate of the crown is independent of the impact Weber number. Jae Bong Lee et
al.[30] concluded that in dry and wet surfaces the liquid properties, namely viscosity
and surface tension, showed a direct effect on the maximum spreading ratio of the
impacting drop. Berberovi¢ et al.[31] investigated the crater formation experimen-
tally, numerically, and theoretically. The drop inertia, viscosity, gravity and surface
tension all play an unignorable part in crater formation.

There are very few investigations on the impact of droplet in a two-liquid system.
However, a conclusive understanding of the impact outcome is still elusive. Antonini
et al.[23] studied the dependence of rebounding time on the surface contact angle.
They found that the drop rebounding process is mainly affected by the receding
angle. Wang et al.[32] theoretically analyzed the balance of interfacial tension in
drop impact onto an oil layer. Along the triple-line, the interfacial tension balance
is well maintained because of a low capillary number. Droplet penetration processes
was simulated numerically to understand the transition between the regime of non-
penetration and penetration. A semi-empirical model was used to obstain the critical

penetration distance as a function of the spread ratio, which has a weak dependence



on the ratio of viscosities.

1.3 Thesis Objectives

The transition limits of the outcome of impact of a droplet on a solid surface or
on liquid films, in single-liquid systems, has been investigated in detail in the past.
Even though many studies have been conducted to identify the nature of the impact
of a droplet on a liquid film consisting of same liquid, the regime map for the impact
outcomes in a 2-liquid system is not well explored. With a relative change in liquid
properties of film and droplet, one can observe a significant shift in the transition
boundaries between regimes of different impact outcomes. The primary objective of
this thesis is to experimentally investigate the outcomes of the impact of a liquid
droplet onto a liquid film composed of a different liquid (2-liquid system). We also
perform a theoretical analysis to compliment the experimental findings, and discuss
the role of different liquid properties in determining the outcomes of the impact of

droplet on a liquid film through a scaling analysis.

1.4 Organization of the Thesis

This thesis is divided into 4 chapters: Introduction, Experimental Methods, Re-
sults and Analysis, and Discussion.

In this chapter (introduction), we discussed some relevant applications and studies
on the droplet impact phenomenon. Further, we presented a detailed introduction

to various studies on the impact of droplets on different types of surfaces (solid,



porous or liquid). Chapter 2, titled Experimental Method, explains the design of
the droplet impact experiment used in this thesis. The chapter 3, titled Experiment
Results and Analysis, presents the observations from the droplet impact experiments
and describes the scaling analysis corresponding to each transition boundaries in the
impact regime graph. A new type of merging phenomenon is also introduced and
discussed. The last chapter provides the conclusions from both the experimental
findings and scaling analysis. Further, we also discuss possible extensions to the
present work. Moreover, an appendix is provided with additional figures to show the

complete work done of this thesis.



Chapter 2

Experimental Method

In this chapter, we introduce how to experimentally investigate the event where
droplets impact on a liquid film both in single-liquid systems and two-liquid sys-
tems. When the droplets impact onto a liquid film, the impact result may vary from
bouncing to merging depending on many factors, such as droplet initial energy, the
thickness of liquid film and the liquid proprieties (both for droplet and the film). Our
objective is to observe and understand the different regimes of the impact outcomes.
We first present an overview of our experimental approach to observe the outcomes

of droplets impacting on liquid films.

2.1 Experimental Setup

Figure 2.1 shows the schematic diagram of the experimental setup. The main
components are (1) a syringe pump and needle to generate and release the droplet,

(2) a transparent cubic glass chamber which contains the liquid film on a flat surface

10
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Light ] I: High-speed
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Figure 2.1: The schematic diagram of the experimental setup used for the droplet
impact study. Droplet is created by pushing the liquid through a blunt needle of size
0.03 mm using a syringe pump.

(3) an vertical translational stage on which the needle is fixed, (4) a monochromatic
high-speed camera (Phantom V7.3) with a 50 mm Nikon lens and an extension bellow
to record the impact process at a rate of 15000 frames per second (figure 2.2), (5) a
diffused light to provide background illumination for shadowgraphy.

A droplet (with a radius R) is formed by forcing the liquid from the syringe pump
at a constant flow rate. The flow rate is low enough to ensure that the droplet is
generated at the tip of the needle and it gets detached from the needle due to gravity.
To ensure the repeatability, the entire connection between the syringe and the needle
is filled with the liquid without any trapped air bubbles.

As introduced in the former section, the outcome of droplet impact on liquid film
is controlled by the droplet impact velocity U, the thickness of the liquid H, and the

liquid proprieties. In the experiment, the droplet impact velocity is only controlled

11



by the initial height from which the the droplet is released, since the droplet is
released under its own weight. As for the film thickness, we can easily control it by
controlling the volume of the liquid in the cubic glass chamber. Since here we are
investigating the influence of the liquid proprieties on the impact outcomes, to get a
set of different droplet and film liquid property ratios, five different liquids with nine
droplet-film combinations are used in the experiment. The properties of the different
liquids used in the experiments are provided in table 2.1.

It is essential to ensure the repeatability of the impact outcomes since any unex-
pected factor can cause a change in the experimental result. Therefore, the experi-
ments were repeated at least three time under the same conditions (liquid combina-
tion, initial height and film thickness). To keep the liquid free of dust particles, the
glass chamber and the needle are regularly cleaned with acetone and air flow after
and before every experiment. To ensure that the droplet impacts on a flat liquid
surface (rather than a curved part of the meniscus), the needle is vertically aligned
with the center of the chamber. To ensure the accuracy of the length scale in the
image, calibration is done every time before the experiment. Also, both the camera
and the surface which holds the chamber are checked to be horizontal before the

experiment.

2.2 Image Processing

Image processing technique, in effect, is a filtering technique that choose certain

required data from the image[33]. It allows us to convert the raw image recorded

12



Table 2.1: The properties of different liquids used in the experiment

Liquid | Density p (kg/m?) | Surface Tension o (N/m) | Kinetic Viscosity v (cSt)
C10 730 0.02455 2.37
C14 767 0.0265 3.6
S3 898 0.0183 3
S54.5 898 0.01816 4.5
520 950 0.0207 20

from the camera (an array of pixels, each with a brightness or the color information)
to a modified image that emphasizes some required feature. Here, in our experiment,
the boundary between the droplet and the air is needed to calculate the droplet’s
initial radius and the impact velocity. We perform an edge detection to obtain this
boundary.

Many edge detectors has been developed from the basic idea to locate the local
boundary information by thresholding and skeletonizing the pixel-intensity variation
map[34]. Among the well developed edge detection algorithms, such as Canny detec-
tor, Gauss-Laplace detector, Kirsch detector and Robert detector, Canny algorithm
has been widely used because of its good performance in detecting the boundary[35].
Thus, in this work, we choose to use Canny edge detector to identify the droplet
boundary from the raw image.

The optimality of the Canny detector is ensured by the following three criteria[36]:

(a) The detection criteria ensures that there no missed edges and no spurious
responses.

(b) The localization criteria ensures that the distance between the actual edge
and the detected edge is minimum.

(c) The one response criteria ensures that a unique edge is detected even when
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Figure 2.2: Side-view of the droplet impact on liquid film from experiment. Droplet
is a sphere with a radius R. The thickness of film H is measured from the bottom
of the chamber to the film surface where the deformation can be measured in the
side-view.
the noise in the image causes the gradient of intensity at a boundary to have multiple
maxima in the vicinity of the edge.

For the raw image I(x,y) obtained from the experiment, there exists a symmetric

2-dimension Gaussian filter G(z,y) that meets the above three criteria37]. The

processed image H(z,y) can then be obtained as:

H(z,y) = G(z,y) * I(z,y) (2.1)

Suppose n is the normal vector to the detected boundary, then the n can be
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expressed as:
OH/0on
— 2.2
"= 10H/on) (22)
According to the localization criteria, the edge location should identify the local
maximum of the first derivative of H(x,y) in the normal direction n. In another

words, it locates those points in H(x,y) where the second derivative of H(x,y)

crosses zero, as shown in eq 2.3.

O*H/on* =0 (2.3)

From this point of view, the local maxima can be found in the normal direction
to the edge. This approach is also known as non-maximal suppression NMS). Of-
ten, after the NMS operating, there exists some spurious responses, which is so called
‘streaking’ problem. This streaking problem is common in the edge detecting process
and can be eliminated by applying a threshold. Thus, by setting the proper thresh-
old, the experiment images are processed to calculate the droplet initial radius, the
droplet instant velocity and etc. Here, by tracing the displacement of droplet C' in
each frame and recording the actual time ¢ by the frame number, the instantaneous

velocity of the droplet U; is calculated as:

(C (tn) = C(tn1))
(tn — tn-1)

Ui(t) = (2.4)

However, from the side view there exist a shadow region above the actual film
surface due to the curvature of the meniscus of the liquid film, which hinders the

tracking of the droplet using boundary detection in this region. To account for this
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effect, we extrapolate the droplet velocity U as a linear function of time with the

acceleration due to gravity as the constant of proportion:

As shown in figure 2.3, the instantaneous velocity is increases linearly with time

with a slope equal to acceleration due to gravity, g.

1.5 | |

T T

C n —C n—1
o Ui(t) = S
— [inear fit

—U:U0+g*t

T

U(m/s)

T

0.5

-12 -10 -8 -6 — -2 0
t(ms)

Figure 2.3: Droplet impact velocity extended as a linear function of impact time.
Impact time t is from the moment when droplet can be entirely captured in the
side-view till the last moment when the film remains undisturbed.
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Chapter 3

Results and Discussion

3.1 Impact of droplet on liquid films

3.1.1 Single-liquid System

Droplet impact on a liquid film in the single liquid system, where liquids that
constitute both the drop and the film are the same, has been well discussed in
former studies. Fig 3.1 shows time-resolved side-view snapshots of three typical
impact outcomes in the single-liquid system, namely, bouncing, early merging, and
late merging. In the impact process, for a given liquid, the initial kinetic energy
and the film thickness play the dominating roles in determining the outcome of the
impact. The dimensionless parameters corresponding to the initial kinetic energy of

the droplet and the film thickness are the droplet Weber number defined as We =

2pq RU? H

and the dimensionless film thickness defined as H* = Z-

At low We and high H* (figure 3.1.a), the droplet impacts and deforms the film
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t=1.33ms 4.67ms 8ms 11.33ms 14.67ms

We=17.67 H*=2.19
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We=15.25 H*=0.85

el . 4. &6 o N0

t=2.67ms 4.33ms 6ms 7.67ms 11ms

(b)

We=16.29 H*=1.76 Merging

SE'\'(d)

t=1ms 2.67ms 6ms 9.33ms 9.67ms

Figure 3.1: The side view of different impact outcomes from droplet impact on a
liquid film experiment in a single-liquid system. (a)Bouncing on a deep pool.(b)Early
merging on a deep pool.(c)Bouncing on a shallow pool. (d)Late merging on a shallow
pool.

18



B
25 ®e 0% 4o EM |
® LM
[ ]
7 o o )
[ ] ..: 8 [ ]
* .. ® Q
unl 1.5 i
[ }
1 * »
05" . "
0 ® .'
5 25
3
® @
25+ °
% o
2t *
°
[
151 b o
Y )
1 & -
o 2
0.5 . °
P
0 : ‘ :
5 10 15 20 25

(b)

Figure 3.2: The regime graph of droplet, impact outcomes in single-liquid systems
for (a) S3 and (b) S4.5. Three different impact outcomes are shown in the figure:
bouncing in blue, early merging in rad and late merging in green.



surface until the maximum penetration depth is reached at ¢ =8 ms. Here, the H* is
large enough to ensure that the penetration of the droplet would not be limited by the
thickness of the film. Accordingly, after reaching the maximum penetration depth,
the droplet starts to rebound (bouncing) using the surface energy stored during the
penetration process. At a comparable H* for a larger We, before the droplet reaches
the maximum penetration depth for a given We, it merges with the film at t= 2 ms
(early merging, fig 3.1.b).

When the H* is lower for a sufficiently large We that ensures that the droplet
penetrates to the physical limit of the pool, the droplet continues to spread horizon-
tally along the solid surface of the chamber (both figure ¢ and d) after it reaches the
bottom of the pool. For a different We, the impact result varies between bouncing
and late merging. Here at lower We the droplet bounces while the liquid film retracts
(figure 3.1.c). However, at larger We the droplet merges in this retracting stage (late
merging, figure 3.1.d).

Here, a regime graph is used to summarize the impact result with We and H*,
as shown in figure 3.2. Similar results for outcomes of droplet impact in single-liquid
systems has been reported previously. The initial boundary is the vertical boundary
demarcating the regime of bouncing and the regime of early merging. This boundary
is independent of H*. Both the deformation transition limit and the deep pool limit
are boundaries which separate the bouncing and late merging. The deformation
transition limit is independent of We(shown as a horizontal boundary in the regime
graph). However, the deep pool limit is a function of both We and H*. Here, the

critical values for each transition limits vary with the type of the liquids used for
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the experiment. We will next discuss and analyze this variability by performing a
scaling analysis.

This regime graph for droplet impact on liquid films has been well established
for single-liquid systems. For lower We, the impact does not result in breakage of
the droplet or the air layer between the droplet and the film. This results in the
bouncing of the droplet. However, when the We is large enough, the droplet breaks
upon impacting the liquid film. This is known as early merging. Meanwhile, if the
film thickness is smaller than the ideal maximum penetrating depth of drop, the film
tends to prevent further penetration once the droplet reaches the bottom of the pool
and instead spreads horizontally along the bottom surface of the chamber. Once the
the droplet starts to retract after reaching the maximum spread position, if the film
retracts faster than the droplet because of a much larger deformation in film the

droplet merges with the film. This phenomena is known as late merging.

3.1.2 Two-liquid System

In the case of a two-liquid system, the impact outcomes for the droplet impact on
a liquid film is affected by the liquid properties of both the droplet and the film. In
experiments, we observed that the two-liquid system shows a richer regime diagram
for impact outcomes compared to that for a single-liquid system. Further, with a
change in the liquid combination in the two-liquid system, the transition limits that
demarcates the different impact outcomes change.

Fig 3.3 shows the regime graph of the two-liquid system with liquid combinations.

The transition boundaries in the regime diagram still exhibits similar behaviors that
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Figure 3.4: Side view observed in experiment in a two-liquid system about the late
merging-II. Compared with bouncing case, the droplet merges with the film in the
‘rebounding’ process rather than finishing the rebounding process.

are observed in single-liquid system. However, for two-liquid systems, a new type
of late merging not presented in single liquid systems was observed for high H* (i.e.
in a deep pool). we call this new type of merging in the two-liquid system as Late
merging-11.

Fig 3.4 shows the side-view snapshots of the new type of impact outcome, late
merging-1I. Here both the We and H* are not large enough for early merging nor
for late merging to happen. During late merging-11, similar to the bouncing case in
a deep pool, after reaching the maximum penetration depth, the droplet 'rebounds’.
However, in between the process of rebounding, the droplet merges with the film at

t= 8.67 ms .
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3.2 Effect of Asymmetry in Liquid Properties

When the liquid properties of the droplet and the film are different, the impact
outcomes are not only functions of We and Hx*, but also are influence by the ratio
of liquid properties of the droplet and the film. Experimentally, we observe that
the trends in shifting of the transition boundaries in the regime graph for two-liquid
systems are not simple functions of liquid property ratios. In a single liquid system,
the slope of the deep pool limit is always increasing with the viscosity. In contrast, in
two-liquid system, the slope of the deep pool limit is not necessarily confined within
the slopes of deep pool limits of the individual single-liquid systems. Since multiple
liquid properties play a role in determining the outcome of impact, namely density,
viscosity, and surface tension a complex non-linear relationship could be governing
the impact outcomes in two-liquid systems. Thus, a scaling analysis is needed to

explain this phenomena.

3.2.1 Inertial Limit

When a droplet impacts on a liquid film, before the potential merging happens
or the droplet reaches the maximum penetration depth, the loss from the droplet’s
initial kinetic energy is converted to the kinetic energy, surface energy and viscous
dissipation in both the droplet and the film. There would also be energy changes
due to the gravity. However, considering that the the maximum penetration depth
in the experiment is much smaller than the height from which the droplet starts

accelerating towards the film, the effect of gravity can be ignored for simplicity.

24



® Bouncing, We=11.73
® FEarly merging, We=13.5

0 5 10 15 20
t(ms)

Figure 3.5: Penetration depth history in deep pool. Bouncing case is in blue while the
early merging case is in red. Time t is from the last moment film remains undisturbed
till the recorded time.

Moreover, considering that during the early stages of penetration droplet undergoes
less deformation, the surface energy and the viscous dissipation in the droplet can

also be ignored.

Erao = Erap+ Erpp + (ASE) s+ Ey ¢ (3.1)

Here, Ejq is the initial kinetic energy of the droplet. Ejy, and Ej, are the
kinetic energy of the droplet and film during the penetration. (ASE); and Ey ; are
the surface energy and viscous dissipation in the film.

As for the initial kinetic energy of the droplet Ej,o and the kinetic energy of
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droplet during penetration Ejgp,

1/ 4 2
Frao = 5 <pd3wR3) U? = Zpr RV (3.2)
1/ 4 2
Erap = 5 (pd37TR3) U; = gpd7rR3U5 (3.3)

From the penetration history obtained from experiments shown in figure 3.5, we
can infer that the penetration velocity (slope from 0 to maximum penetration depth
or merging position) is roughly constant during the process of penetration. Thus,

here we assume that U, remains as a constant during the penetration process.

Figure 3.6: Schematic of the flow field in early penetration stage. The flow field in
the film driven by the impact of droplet is modeled as a spherically symmetric radial
flow. By integrating the flow field in the film, we can obtain the kinetic energy of
the film.
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To estimate the kinetic energy for the film in the early penetration stage, we can
assume that the droplet introduces a spherically symmetric radial flow field in the

film (figure 3.6), and the velocity scales as
Us =~ UpR*/r?, (3.4)

at the radial distance r from the center. By integrating the film’s kinetic energy in a
hemispherical shell of radius r and a thickness dr from r = R to r = oo, the kinetic

energy in film can be obtained as:
Bijp = / 2mpr2Udr ~ / ompr? (U,R/r) dr = 2mpU2R® (3.5)
R R

Here the induced velocity field is assumed to have a hemispherical symmetry with
center of the hemisphere at the center of the droplet. When the droplet penetrates
further inward into the pool, a simplified schematic of the penetration is considered
as in fig 3.7, to estimate the surface energy and the viscus dissipation in the film. In a
case where almost no horizontal spreading happens both in the droplet and the film,
the horizontal velocity in the cylindrical surface shown in fig 3.7 is close to zero, so
the contribution of kinetic energy of the film from the cylinder part can be ignored.

Then, the surface energy change can be expressed as:
(ASE); = oy [2rR(H, — R) + 27 R* — 7R’] = oy7R (2H, — R)  (3.6)

Here the penetration depth (i.e., maximum penetration depth for the bouncing
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Figure 3.7: Schematic of non-spread penetration process in deep pool (before reach
the maximum penetration depth). This model applies to all the penetration process
without the physical limit from the film thickness.

case and merging depth for the merging case) is shown as a function of We from
experiment data.

For viscous dissipation, in general,

B, = /0 ' /0 " pdVdt ~ oVt (3.7)

As for the viscous dissipation in the film, it can be divided into two parts: the
viscous dissipation along the cylindrical surface Ey;; and the viscous dissipation

along the hemispherical bottom Fyy .

Ey = Epp1+ Epra (3.8)
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The contribution to viscous dissipation rate by the cylindrical surface in cylin-

drical polar coordinates (we neglect the rotational change),

ommle|(5e) ¢ () (3) ]+ [G- 5]} oo

For the cylindrical surface, assuming that the horizontal flow is not a function of

ou,
0z

~ 0 (3.10)
We also assume there is no flow in the z direction along the cylindrical surface,

ou,
or

~0 (3.11)

Then 88% can be obtained as the vertical velocity change across the boundary

layer thickness 0 , which is

ou, U,
~— 12
0z 0 (312)
, from continuity
ou, U, ou, U,
— o~ = ~—— 1
or * r 0z ) (3:13)

As for the boundary layer thickness §, here we assume (with ¢,, is the merging

time from the impact moment till the merging happens):

§ = /vty (3.14)

Uy
r

Considering there is no spread in horizontal direction where = ~ 0, then we have
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aur ~ UP

or 6"

Accordingly, the viscous dissipation rate in the cylinder surface of the film can

be obtained as

Op = 4py (?)2 (3.15)

For the viscous dissipation of the cylinder side surface in the film, the according
merging time scale ¢,, is related with We from experimental data. Then the according

viscous dissipation can be calculated as:

Eyp = <4Mf (%’)2) (2R (H, — R)5) b, (3.16)

The contribution for the viscous dissipation rate by the hemisphere surface in

b5 = 201 [(aa“) 2 (“)] (3.17)

Unlike the case in the cylindrical surface, here %.

spherical coordinates,

Our ., _Up

Uy
or 5andrN

Thus, the viscous dissipation rate of the bottom surface along the semi-sphere in

the film is:
U 2
¢y = Gpuy <(5P> (3.18)

For the viscous dissipation in the film along the hemisphere surface, the according
merging time scale t,, is proved as a function of We from experimental data. Then

the according viscous dissipation can be calculated as:

Eypq = <6uf (U;)2> (7R tm, (3.19)

30



After simplification, the penetration velocity can be expressed as:

- paR2U% — 30(2H, — R)
PN paR2 + 3ps R+ 3ps(4H, — R)\/vstm

(3.20)
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Figure 3.8: Penetration velocity calculated from both analysis and experiment. U, ,
is the analytical penetration velocity calculated from eq 3.20. U, . is the experimental
penetration velocity calculated from eq 3.21

Here by applying the impact velocity, merging depth and merging time from
individual experiments in eq 3.20, we can calculate the analytical penetration velocity
Up.. Moreover, in the experiments, by assuming constant velocity of penetration for

the droplet, the penetration velocity U,. can be calculated as the average velocity
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Table 3.1: Minimum averaged penetration velocity

Liquid | C10 | C14 | C10-C14 | C14-C10 | S3 S4.5 | S3-S4.5 | 54.5-S3
Uy,(m/s) | 0.301 | 0.278 | 0.202 0.241 | 0.245 | 0.240 | 0.204 0.236

taken to traverse the penetration depth ( merging depth) for the duration of the

penetration time ( merging time):

— H
UP,Q%UPZTP

(3.21)

From figure 3.8, the analytical penetration velocity is compared with the exper-
imental penetration velocity (average). Here these two penetration velocities have
a linear relation, which means this scaling analysis fits well with the early merging
conditions. However, the condition for the early merging to occur is determined by
a critical minimum penetration velocity, which is different for different droplet and
film liquid combinations (according to table 3.1). We hypothesis that this critical
condition is related with the dynamics of the gas layer between the droplet and the
film surface. Further study is needed to find this dependence of the critical pene-
tration velocity on the liquid proprieties and it is out of the scope of the present

thesis.

3.2.2 Deformation Transition Limit

As shown in the former study, the deformation transition limit is the limit where
the impact outcome changes from bouncing to late merging in the same impact We

with the an increase in the film thickness. The reason for this different impact
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outcomes is the relative velocity of the film and the droplet during the rebounding
stage. If the film returns faster than the droplet in the rebounding stage, the local
pressure in the air layer would be higher leading to late merging of droplet with
film. In another words, if the droplet moves faster than the film, the impact will end
up as bouncing. Experimentally, we have investigated the penetration and breaking
process corresponding to late merging, which is shown in figure 3.9a. From the
energy balance in the rebounding stage, the kinetic energy in the droplet and the
film is mainly derived from the surface energy of both droplet and film during the
condition of the largest spreading. So the surface energy ratio can indirectly indicate

the velocity difference between the droplet and the film during the rebound stage.

For the rebound stage, there exist a critical velocity ratio U}, between the droplet
rebounding velocity uq and the film rebounding velocity w;.
u
Ur=-1 (3.22)
Ud

When the actual velocity ratio U* is smaller the critical ratio, the droplet re-
bounds faster than the film, which will lead to bouncing. However, when the actual
velocity ratio is larger than the critical ratio, the film will rebound faster than the
droplet. This will decrease the gas layer thickness in-between and increase the local
pressure, which will lead to late merging.

By assuming same volume scale V' for droplet and film, the velocity ratio U* can

be expressed as a function of the kinetic energy (Ej 4 and Ej r) and density of both
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Bottom of the chamber

(a)

(b)

Figure 3.9: (a)Side view from the droplet impact experiment where the film spreads
till the maximum deformation. (b)Schematic of the maximum spread deformation,
with the droplet’s and the film’s maximum spread deformation as round table.
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droplet and film:

1 9 1
K R e b A e
Uy u? p—ldpduflv pidEk,d

(3.23)

During the rebounding stage, the kinetic energy in either the droplet or the film is
mainly derived from its own surface energy. Thus, less energy is transferred between
the droplet and the film. Therefore, kinetic energy can be expressed by surface energy
((ASE); and (ASE)s) and viscous dissipation (¢4 and ¢¢) from energy equilibrium

for both droplet and film

Bpa = (ASE)y — Eyq (3.24)

Eywr=(ASE); — Ey (3.25)

Experimentally, the surface area in the droplet and the film can be calculated
by the side view at the condition of maximum spreading. Here for the actual de-
formation, assume a round table shape for both the droplet and the film as shown
in figure 3.9b. As for the film, the bottom radius r; and the top radius r, can be

expressed according to the spread ratio (w} and w3) and the initial radius of droplet:

rp=wiR (3.26)

rof = wiyR (3.27)

Thus the surface area difference AAy in the film between surface area at the
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initial stage Ao ; and surface area at the maximum spread Ap,.x s can be calculated

as:
AAf = Amax,r — Ao,f

=7 {r%+r%+(r1 +13) \/H2+ (o —7‘1)2} — 12

:W{Tf+(7“1+7“2) \/H2+(rz—r1)2} (3.28)

_ xR {wﬁ + (w; +w3) H + (w§ — w’f)Q]

As for the droplet, since it is hard to measure the droplet shape from the ex-
periment, here we assume a similar round table shape for droplet. Here the droplet
shares the same bottom radius r; as that of the film. With an unknown top radius
rs and the height Hy, the surface area difference in droplet AA, (between surface
area at the initial stage Ao 4 and surface area at the maximum spread Apaxq) can be

expressed as:

AAAd = Amax,d - AO,d

= [7’% + 73+ (r1 +13) \/HC% + (r3 — 7‘1)2} — 47 R? (3.29)

=1R? {wi‘Q +wi? — 4+ (w} + w3) \/sz + (wh — wi‘)ﬂ

However, these two unknowns can be expressed by ry, 7 and H from volume

conservation and geometric similarity:

mH 4
3 . <T?2> +ri+ 7"37“1) = §7TR3 (3.30)

rs —T1 To —T1
= 3.31
T, i (3.31)
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Then, we get the expression of both r3 and Hy:
ry =i b
rg = (ri’ + 4R32Hl) (3.32)

H,; =

1
[(ri’ AR Tl) ' 7“1] (3.33)

g — T

Thus experimentally both the surface area difference in droplet and film can be

calculated. From figure 3.10 a and b, both the spread ratio in top and bottom

exhibits large variance. For different liquid combination, the ratio of the surface area

difference in droplet and film AA* collapse into a second order equation with the
dimensionless film thickness H*.

_ A4y

AA—AAd

(3.34)

As for the viscous dissipation, from the maximum spreading to the merging point,
it can be modeled as F, = Ej (1 — 6_2’7“). Here Ej is the initial energy, which is
the surface energy of the droplet or film when the retracting starts. At is the elapsed

time from the maximum spread to the merging point. Also, we have n = %’. The

time scale related to this is the capillary time scale At & te,, = Ceap (PR /0)1/ 2,

where C,,, is a proportionality constant. From experiment data, C.,, varies between
0.1 to 1. Here in the following calculation, Cy,), is used as 1.

Thus, it can be modeled as:

Egq = Eoa(1— e 18) = (ASE)y (1 — ¢ 2CeerOha) (3.35)
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Figure 3.10: (a)w; as a function of H*.
spread ration have large variance.

(b)ws as a function of H*. Here both the
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Figure 3.11: (a)Area ratio AA* as a function of H*. The ratio of the surface area
collapse into a second order equation with the film thickness.(b)Rebounding velocity
ratio U* calculated from eq 3.33 as a function of H*. This figure shears same legend
as figure 3.10
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Table 3.2: Critical rebounding velocity ratio

Liquid | C10 | C14 | C10-C14 | C14-C10 | S3 S4.5 | S3-S4.5 | 54.5-S3
U: 1.382 | 1.476 1.207 1.327 1.666 | 1.835 | 1.505 1.651

crit

Egp = Eoy(1—e2"8) = (ASE); (1 — ¢ 2Cr0hs) (3.36)

Therefor, the energy equilibrium equations can be simplified with the velocity

* Pd of Q*QCcapOhf )
"o J (W) (Od> (e—th ad (3.37)

However, in the spreading process, the area ratio is mainly controlled by the film

ratio U* as:

thickness, which we can see from figure 3.11.a. Accordingly, the velocity ratio also
depends on the film thickness. We observe from the dependence of the velocity ratio
on film thickness (shown in the figure 3.11.b) that the liquid ratios of proprieties’
have weaker influence on the velocity ratio than the film thickness. All of the velocity
ratios collapse into one single line, in most of the experimental data (figure 3.11.b).
However, the critical velocity ratio condition that determines the deformation tran-
sition limit remains unknown. It is clear that the critical velocity ratio is related to
both the droplet’s and the film’s liquid proprieties, since it varies in a large range for
different liquid combinations as can be observed in table 3.2.

Further study is needed to explain the retracting process and the dependence
of the critical velocity ratio that determines the deformation transition limits for

outcome of droplet impact on liquid film.
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3.2.3 Deep Pool Limit

As discussed above, while increasing the film thickness maintaining a rather low
We, a second type of merging - late merging is observed. If we increase film thickness
from this point, through deep pool limit, the late merging transfers to bouncing.
Physically, it shows that the impact We is less than the critical value which can
support the drop to reach the bottom of the liquid film. From the experiment, the
penetration depth history is recorded using image processing, as shown in fig 3.12.
As we can see, with the We increasing, the maximum penetration depth H,,, is also
increasing. To compare the influence of the We and the liquid proprieties on the
maximum penetration depth, the maximum penetration depth is recorded, this is
shown in figure 3.13.

However, the similar to the other two transition limits, the slope of the deep
pool limit for a two-liquid system is not confined within in the range of slopes for
the deep pool limits of single-liquid systems consisting of the individual liquids that
constitutes the two-liquid system. Take the Alkane group for example, from fig 3.13,
the dimensionless maximum penetration depth (H},, = Hpy,/R) for C10-C14 group
is lower than the penetration depth for single-liquid systems consisting of C10 or C14.
However, if we were to switch the liquids in the droplet and the film, the penetration
depth in C14-C10 groups are very close to the penetration depth for the single-liquid
system. Furthermore, in the case of silicone oil, the two-liquid system penetration
depth curves (S3-S4.5 and S4.5-S3) are in between the single-liquid system curves
(S3 and S4.5). It is because viscus dissipation plays an important role in determining

this penetration process. This makes this process a highly nonlinear. Thus we use a
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Figure 3.12: Penetration depth history with different Weber number in deep pool.

With the increasing of the Weber number, in another words, with more initial kinetic
energy of the droplet, the film is deformed till a deeper penetration depth.

analysis is to explain this phenomena.

When a droplet impacts a liquid film, until the maximum penetration is achieved,
the loss from the droplet’s initial kinetic energy is converting to the kinetic energy,
surface energy and viscous dissipation in the droplet and the film. There would also
be energy changes due to gravity. Considering that the the maximum penetration
depth in the experiment is much smaller than the height from which the droplet starts

accelerating towards the film, the effect of gravity can be ignored for simplicity.

Ekd,o = (ASE)f + (ASE)d + E¢7d + E¢’f (3.38)
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Figure 3.13: Dimensionless maximum penetration depth varies with Weber number.
The dimensionless maximum penetration depth Hj, in each individual experiment
is recorded and plotted with the droplet Weber number.
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As for the initial kinetic energy of droplet,

1 4 2
Erap = B (deWR?’) U? = ZpynRPU? (3.39)

3

pm

Figure 3.14: Schematic of the maximum penetration depth. As the film has the
maximum deformation in the penetration process, the tip of the film reaches the

maximum penetration depth. Here, the horizontal spread is considered using the

spread ratio wj = 2.

While the droplet impacts on the liquid film and reaches the maximum pene-
tration depth, without any restrictions from the physical limit dictated by the film
thickness, the initial kinetic energy of the droplet is converted into surface tension
and the viscous dissipation both in droplet and the film. To simplify the model, we
assume a cylindrical deformation in the film with a penetration depth H,, and a
semi-ellipsoid surface at the bottom with major axis equal to r5. As for the droplet,
an ellipsoid deformation is assumed with the horizontal radius r5 and vertical ra-

dius 74, as shown in figure 3.14. Then the surface energy change can be expressed
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with wf = % and 7}, = 2 = w2 (from the mass conservation), considering less
5 = R 45 = 75 5 ;

horizontal spread (w} ~ 1):

(ASE); = oy |27 Rw; (Hpm — R) + 27R? — 7R?| = 047 R (2Hym — R)  (3.40)

(ASE)d = 0y (Ae - 47TR2)

=04 [27?7“% <1 + \/%52% tanh ™' (/1 — 7“252)) — 47'(32]
3.41)
_ 2 2 s 1 IHy/1-ris? V) (
=oymR [2@05 (1 + —1475@52 5 In (1 —1@52)) 4}
= oy R? [2w*2 (1 + Wt 1y (H 1_w§_6)> — 4]
5 V/1-wz =62 1—y/1-wz =6

However, with small droplet deformation, in another words, when wi ~ 1, the

surface energy change in droplet can be ignored.
Accordingly, the viscous dissipation rate in the cylinder’s side surface of the film

can be obtained as

Gy = 4py <(§3>2 (3.42)

For the viscous dissipation of the cylinder’s side surface in the film, assume the

paRR?
80’d

capillary penetration time scale t.,, = 27 , and the boundary layer thickness

0 = /Vftcqp. Then the viscous dissipation in the film along the cylinder’s side surface

can be calculated as:

Bosa = (07 (7)) 3R (o = 1))ty (3.3

As for the viscous dissipation rate of the hemisphere surface in spherical coordi-
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nates,

G = Bpuy (?)2 (3.44)

The viscous dissipation in the film along the hemisphere surface can be calculated

as:
Eypo~ | 6y (5> (7TR 5) tm (3.45)

The viscous dissipation rate in the droplet, in the 3-D Cartesian coordinate system

is given as,

da =241 | (%) + (%) + (%))
(3.46)

8 T 8“1 2 8 ZT 8 z 2 au 8 z 2
i | (G + 50"+ (G + 52) + (G2 + %))
%z can be obtained as the vertical velocity change across the radius, which is

0z

Ouy
0z

~ %‘;. To simplify, consider the droplet spreading from the center without any

. 0 U, 0 o
rotation, then we have 85? — Oy _ Ouy , Up Ouy _ Ouy _ Ouy _ Oy _ Juy _ Ous

oy ~— 0z Ry’ 8y ~ 8z ~ Bz 0z 9z Oy
0.

Accordingly, the viscous dissipation rate in droplet can be obtained as

®a = 6pq (UP)Q (3.47)

s

The viscous dissipation in the droplet, using the volume of droplet and the same
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capillary penetration time scale ¢.,, can be expressed as:

Up\?\ (4
By~ <6Md <P> ) (37TR3> teap (3.48)

s

However, both in the film and the droplet viscous dissipation scaling, the velocity
used is only the penetration velocity rather than the impact velocity. Thus the rela-
tion between these two velocity are needed. From the penetration history figure we
can tell that the penetration velocity Up is reduced from the impact velocity U, and
is remaining almost a constant in the whole penetration process. So the penetration
velocity from the early penetration stage can be taken as the average penetration
velocity. However, in the early penetration stage, less effects from both surface de-
formation and viscous dissipation are applied. Thus for the energy equilibrium in the
early penetration stage, the surface tension terms and the viscous dissipation terms
can be ignored:

Erio = Exfp + Egap (3.49)

In order to estimate the kinetic energy in the early penetration stage, we can
assume that the droplet induces a spherically symmetric radial flow field in the film,

and the velocity scales as

V ~ UpR3/r?, (3.50)

at the radial distance r from the center. By integrating the film kinetic energy from

r with a thickness dr, the kinetic energy in film can be obtained as:

By = /R 2mpr2Udr ~ /R ompr® (U,R /%) dr = 2mpU2 B (3.51)
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As for the kinetic energy of droplet, since it is in early penetration stage, we

ignore the deformation in the droplet:

1/ 4 2
mMZQQ%Jm)ﬁzgmﬂﬁg (3.52)

Moreover, by considering the energy equilibrium in the early penetration stage,
the square ratio of the penetration velocity and the initial velocity can be expressed

as a function of both droplet and film density:

2
Uz 1

Uz 1+43Z
pd

(3.53)

In the case when droplet and film liquids are the same, the square ratio will
be 1/4, which has been proved in former study. Assuming this relation, the scale of
penetration velocity will be controlled by the impact velocity, and densities of liquids

that constitute the droplet and the film:

U, = U (3.54)

By distinguishing each term in the energy balance, after simplification, the di-

. H
mensionless parameter H, = =£* can be shown as:
*
H;,

(20)(2) () ord]wers  35)
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Here, the droplet Ohnesorge number is defined as:

Ohg= ——Hd (3.56)
paca(2R)

In the condition that there is no large deformation in the droplet, in another
words, assuming wi ~ 1, the surface energy term of droplet can be ignored. Then,
the equation of dimensionless penetration depth collapses to an equation with sev-
eral constant terms, different ratios of liquid properties, impact Weber number and
droplet Ohnesorge number. From this simplified equation, we can infer that the
dominant term that determines the the penetration depth is the initial kinetic en-
ergy term for droplet, which is essentially the source of the energy in the system.
Also, in low viscous liquid, in another words, terms with low droplet Ohnesorge
number have a weak effect on the penetration depth. However, compared with for-
mer studies on the penetration depth, the improvement in the agreement between
the experimental maximum penetration depth H, , . and the analytical maximum

penetration depth H  , is quite clear (from figure 3.15). The maximum penetration

depth is no longer simply a linear function of the impact Weber number, when we

consider the viscus dissipation.

3.3 Late Merging-I1

As mentioned previously during the discussion of outcomes of impact of droplet

on a liquid film in a two-liquid system, there is a unique phenomena of late merging-
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Figure 3.15: Maximum penetration depth from scaling analysis and experiment. The
maximum penetration depth from experiment is recorded as shown in fig 3.13. The
analytical maximum penetration depth is from eq 3.55.
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t=8.2ms 8.67/ms 9.53ms 10.2ms 10.87ms 11.53ms
(a) Bouncing in C10, We=8.4, H*=3
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Merging
t=8.6ms 9.27ms  9.93ms 10ms 10.07ms 10.13ms
(b) Late merging Il in C14-C10, We=8.37, H*=2.8
Figure 3.16: (a) The side view of bouncing outcome from droplet impact on a lig-

uid film experiment in a single-liquid system. (b) The side view of late merging-11
outcome from droplet impact on a liquid film experiment in a two-liquid system.
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Table 3.3: Experiemt liquid capilliary time

Liquid | Capillary Time(ms)
C10 8.804
C14 9.031
S3 9.540
54.5 9.474
520 8.965

II. As we can see from figure 3.16, in a single liquid system with low We and high H*,
droplet reaches the maximum penetration and rebound. However, in the two-liquid
system, the droplet may merge during this the rebound process. From the figure
3.16.b, we can observe that the liquid film boundary becomes flatter quickly at the
point of deepest depression.

As this type of merging always happen in the deep pool condition, this can not
be due to the effect of finite film thickness. One of the remaining possible reasons
for existence of Late merging-II in two-liquid system but not in one-liquid system, is
difference in the propagation velocity of the capillary wave (and hence the capillary
time scale) in the droplet and film due to difference in their liquid properties.

For the undamped frequency of the film as in the oscillating system, it is affected

by both the liquid properities, the thickness of film and the wave number k =~ 2/R:

Weap = \/ (0k? /p) tanh(kH) (3.57)

In the deep pool case, dimensionless film thickness H* is much larger than 1. In

another words, the tanh(kH) is close to 1. Thus the capillary time can be simplified
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as:
pR?

teap = 2
b T 8c

(3.58)

Since the retraction process is enable via a capillary wave, in table 3.3 the capillary
time in all the experiment liquids are compared. Here we can observe that there
exists a phase difference between droplet and film surface caused by different liquid

proprieties.
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Chapter 4

Conclusions

This chapter summarizes the results both from experimental and theoretical stud-
ies presented in Chapter 2 and Chapter 3. Further, as an extension to this thesis,
we identify a few interesting problems that could be pursued in future research en-

deavors.

4.1 Summary

The experiments were conducted for both single-liquid systems and two-liquid
systems. Though the liquid propriety ratios are limited by the limited choice of
liquids, four distinct types of impact outcomes are observed by changing the droplet
impact velocity, film thickness and the liquid combination. The different outcomes
of impact are a)bouncing of the droplet, b)early merging where the droplet merges
with the film before it reaches maximum penetration depth, c¢) late merging where the

droplet merges with the film during the retraction process after the droplet reaches
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a maximum penetration depth as limited by the film thickness. Since the maximum
penetration depth in this case is limited by the film thickness, as the droplet reaches
the maximum penetration depth, it also spreads horizontally before it starts the
process of retraction. The retraction process results in the restoration of kinetic
energy of both film and the droplet through a reduction in their surface area, d) late
merging-1I where the droplet merges during the retraction process after the droplet
reaches the maximum penetration depth not limited by the film thickness. Note that
late merging-1I only occurs for a limited impact condition and only for two-liquid
systems.

We construct a regime diagram for droplet impact outcome by mapping the im-
pact outcomes in We — H* plane. We see that there are 3 clear boundaries that
separates the different regimes of impact outcomes. a) inertial limit that marks the
boundary between the bouncing and the early merging, b) deformation transition
limit marking the boundary between bouncing and late merging independent of We,
¢) deep pool limit marking the bouncing and late merging as a function of both H*
and We. Corresponding to each of these regime boundaries, we develop theoretical
models that captures the scaling behavior of the underlying physical mechanism that
drives the transition.

In the case of inertial limit, the penetration velocity is calculated both experi-
mentally and analytically. From experiments and theoretical analysis, we observe
that there exists a critical penetration velocity for a given droplet-film liquid com-
bination, which is independent of film thickness, beyond which the droplet impact

results in early merging. In comparison to the critical velocity for maximum trapped
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bubble size for the droplet impact on a solid surface which does not depend up on
the properties of the solid surface, the critical velocity corresponding to the inertial
limit for a droplet impact on a film, depends on both the droplet and film liquid
proprieties.

As for the deformation transition limit, the retracting velocity ratio decides the
impact results. We calculate the retracting velocity ratio by identifying the geometry
corresponding to the maximum spread of droplet in the shallow pool. Interestingly,
the area ratio corresponding to the state of maximum spread is only a function of
film thickness implying that the process of spreading is independent of the droplet
impact velocity and the liquid properties of the droplet and the film. However, the
retraction velocity is a function of film thickness, droplet radius, and the ratio of
liquid properties. This also reinforces the former conclusion that the deformation
transition limit is independent of the impact We number.

For the impact of droplet in a deep pool, a model with a lower horizontal spread
of the droplet and film (characterized by a low spread ratio - see Sec. 3.2.3) at the
maximum penetration depth is considered. By comparing the maximum penetration
depth from experiment data and theoretical calculation, we can conclude that the
model agrees fairly well with our experimental results.

For the new impact phenomenon Late merging-11, several experiments were per-
formed to establish that it only exists in the case of droplet impact on a film of
different liquid (i.e., a two-liquid system). We provide a possible reason based on
the capillary wave theory to explain this phenomena. However, further studies are

required to correctly identify the physical mechanisms that drive this phenomena .
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4.2 Future Work

The studies presented here in this thesis are not sufficient to forecast all the
possible outcomes of droplet impact on liquid films at any given conditions. Several
interesting problems are proposed here for future studies to expand up on the current
thesis.

1) We have investigated the impact results from nine different droplet-film ex-
periment liquid combinations, and generalized the impact result regime graph. More
experimental and numerical work can be done to identify a generalized regime graph.

2) As for the initial limit, the dependency of the critical penetration velocity on
both the droplet and the film liquid proprieties remains unknown. This is mostly
due to the lack of understanding of the dynamics of the gas layer that gets trapped
between the droplet and the film. Hence we need to further study the behavior
of this gas layer and its break down mechanism. Future work should also focus
on identifying the dependence of fluid properties on the critical ratio of retraction
velocities of the droplet and the film corresponding to the deformation transition

limit.
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Appendix A

Additional Experimental Figures

This Appendix attaches additional experimental figures from the experiment of
the droplet impact on liquid film in both single-liquid systems and two-liquid systems.

Figure A.1 shows the impact outcome regime graphs in single-liquid systems of
Alkane group (C10 and C14). Three different impact outcomes are shown here,
bouncing, earlymerging and latemerging, which are generalized in the former anal-
ysis. Similar transition boundaries between different impact outcomes are also shown
here, with the shifting in the transition boundaries discussed in each analysis parts.

Figure A.2 shows the impact outcome regime graphs in two-liquid systems of
Alkane group. Four different impact outcomes are shown in the regime graphs-
bouncing, earlymerging, latemerging and latemerging — I1. The transition bound-
aries in the regime graph of two-liquid system are similar to the boundaries in
single-liquid systems. As we have shown in this thesis, an unique impact outcome

latemerging — 11 occurs only in the two-liquid system.
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Moreover, figure A.3 shows the impact outcome regime graphs in two-liquid sys-
tems for S3 (droplet) to S20 (film). In this regime graph there is no latemerging
cases, so two of the transition boundaries-deformation transition limit and deep
pool limit are not applied in this case. The possible reason for the lacking of the
latemerging case is that the viscosity of the film is comparatively high, so the slope of
the maximum penetration depth with Weber number is lower than other experiment
liquid combinations. The potential deep pool limit would become almost horizontal
and finally collapse with the deformation transition limit. Thus, there are only three
impact outcomes shown in this two-liquid systems other than four different impact
outcomes.

The additional regime graphs attached in this appendix have the same boundaries
as introduced in chapter 3. Also, the experimental data from these liquid combination

have been proved to fit the analysis as discussed and shown.
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(b)

Figure A.1: The regime graph of drople%dmpact outcomes in single-liquid systems
for (a) C10 and (b) C14. Three different impact outcomes are shown in the figure:
bouncing in blue, early merging in rad and late merging in green.
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Figure A.2: The regime graph of droplet '{ﬂpact outcomes in two-liquid systems for
(a) C10 to C14 and (b) C14 to C10. Four different impact outcomes are shown in
the figure: bouncing in blue, early merging in rad, late merging in green and late
merging-II in pink.
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Figure A.3: The regime graph of droplet impact outcomes in two-liquid systems for
S3 (droplet) to S20 (film). Only three different impact outcomes are shown in the
figure: bouncing in blue, early merging in rad and late merging-II in pink.
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