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Abstract

In this thesis, a systematic study was performed to understand drop impact onto hydrophilic and
hydrophobic moving surfaces. Different systems (combination of liquids, surfaces, and drop
impact conditions) were examined. Wide range of normal drop and surface velocities were
studied; such normal and tangential velocity ranges are not available in systems where a drop
impacts at an angle relative to a surface. The asymmetric nature of drop spreading on moving
surfaces was elucidated. A model that for the first time is able to mathematically predict the time
evolution of such asymmetric spreading was provided. Furthermore, a new model was developed
to determine the splashing threshold of the drop impact onto a moving surface. The model is
capable of describing the azimuthally different behavior of splashing. The effect of liquid
viscosity on drop splashing was clarified. A comprehensive regime maps of drop impact

outcome on a moving surface was provided.
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Chapter One

Introduction

1.1 Background and Motivation

Drop impact onto a surface is of importance in many applications including printing (e.g. inkjet
printing, electronic board) [1-3], painting and coating (e.g. pharmaceutical, agricultural, rail
industry, cosmetic, textile, and food) [4-7], and cooling of the hot surfaces (turbine blades,
semiconductor chips, and electronic devices) [8,9]. However, there are some instances where
drop impact results in undesirable outcomes like ice accumulation on power lines and aircraft
[10,11]. As such, to get drops do what is desired, we need to understand how a drop impacts onto
a surface and, if it is possible, quantify its behavior.

Upon normal drop impact onto a horizontal surface, various outcomes can be seen (see below)
[12-15]. The impact condition (i.e. drop normal velocity, and drop size) [15], liquid (i.e. density,
viscosity, and surface tension) [16-20], surface (i.e. roughness and wettability) [18,21-23], and
surrounding medium [19] are the parameters which can affect the outcome of the drop impact.
The following are the outcomes of drop normal impact onto a surface: prompt splashing, corona
splash, receding breakup, rupture, temporary dry spot in a lamella, partial rebound, complete
rebound, and deposition (Figure 1.1) [24]. The description of each outcome is provided in the
following as this information sheds light on better understanding of the other systems of drop

impact:


http://pubs.acs.org/doi/full/10.1021/acs.langmuir.5b02162#fig1
http://pubs.acs.org/doi/full/10.1021/acs.langmuir.5b02162#fig1

Splashing: this behavior can be seen during radially expanding of the liquid film over the
surface. There are two forms of splashing:

a) Prompt splash: where tiny droplets are generated directly at contact line of the lamella.

b) Corona splash: in this type of splashing lamella lifts off the surface and subsequently

detaches away from the surface.

The splashing probability increases as the drop velocity (drop kinetic energy) increases or
surface tension (surface energy) decreases [15]. However, the role of viscosity (involved in
viscous forces) on drop splashing is not clear yet; some studies show that increase in viscosity
promotes splashing [16,19], while others have found opposite trend [17,25,26]. The role of
viscosity on splashing will be addressed in this thesis.
Receding break up: this refers to the uneven motion of a contact line when the lamella recedes
from its maximum spreading. Decrease in the liquid viscosity or increase in normal drop velocity
promotes receding break up [15].
Rupture: this behavior refers to the formation and appearance of the holes at liquid film. The air
bubbles, which are trapped between the impacting drop and the surface, result in such holes [27].
Temporary dry spot: in this condition there are air bubbles which are trapped between the
liquid film and surface, but they do not appear as a dry spots. The air bubbles either disappear
without any changing in lamella morphology or collapse and results in the appearance of singular
jets (see Figure 1.1) [28,29].
Partial and complete rebound: The partial rebound refers to a condition where, in the receding
phase, some portion of the lamella detach from the rest of the liquid and subsequently leave the
surface; while in the complete rebound, whole of the liquids leaves the surface. The chance of

partial rebound becomes higher with an increase in the drop normal impact velocity or the



receding contact angle of the liquid on the surface [15]. It also is found that in the case where
receding contact angle is >100° and 25 < We, < 585 (We,=pV,?Do/s, Where p is the liquid
density, Dy is the drop diameter, and o is the liquid surface tension), the water drops rebound
completely [23,30].

Deposition: this refers to a condition where, after drop impact onto a surface, the liquid radially
spreads over the surface until the maximum diameter is reached; then the contact line of liquid
film either recedes or pins.

As it is clear, for the outcomes of receding breakup, rupture, temporary dry spot in a lamella,
partial rebound, complete rebound, and deposition drop is in spreading phase at the initial time
(see last 7 panels in Figure 1.1). The spreading ends with reaching of maximum spreading
diameter. Therefore, one can make a conclusion that upon normal drop impact onto a surface

drop either spreads or splashes at initial time [31].
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Figure 1.1: Outcomes of drop normal impact on a horizontal surface. The panels should be read
from left to right [24]. Reprinted with permission from (Grishaev, V.; lorio, C. S.; Dubois, F.;
Amirfazli, A. Complex Drop Impact Morphology. Langmuir 2015, 31, 9833-9844.). Copyright

(2016) American Chemical Society.



There are many experimental and numerical studies in the literature to describe both qualitatively
and quantitatively the various outcomes (as introduced before) of normal drop impact onto a
horizontal surface (see review works [12-14] for more details). However, in many of the
applications (mentioned earlier) drop impacts onto a surface in a condition where the impact has
both normal and tangential velocities and only a few works have been done in this area. Both
normal and tangential velocities for impact can be seen in systems including drop impact onto a
moving surface, oblique drop impact onto a surface, and drop impact onto an inclined surface
(see Figure 1.2). As such, the fundamental understanding of the process is still in its infancy and
the answer to a question of how tangential velocity changes the behavior than that of the only
normal impact is not clear yet. The need for further works to understand the effect of tangential
velocity on drop impact is also highlighted in the recent review work of drop impact phenomena
(published in 2015 [13]). Here, we use the system of normal drop impact onto a moving surface
to study the effect of tangential velocity on drop impact process. The first advantage of this
system is that one can study the role of the tangential velocity in wide velocity range; the other

advantage is the ease of controlling each of the normal and tangential velocities separately.

\

—
Vi

Figure 1.2: Schematic view of the (a) normal drop impact onto a moving surface, (b) oblique
drop impact onto a horizontal surface, and (c) drop impact onto an inclined surface. It is assumed

that surface moves with V;.



To date, most of the literatures have been focused on whether drop spreads or splashes at
upstream or downstream upon impact onto a moving surface [26,32-36]. It was found that for
drop impact onto a moving surface, there are asymmetric outcomes including spreading in one
side of the drop and splashing at the other side of the drop [26,32-34]. As such, if the drop
impact conditions led to spreading for a stationary surface (Figure 1.3a), surface movement can
change the spreading behavior to splashing at the side where the lamella moves at the opposite of
direction of the surface motion (Figure 1.3c) [26,32,34]. Also, if drop impact conditions are such
that drop would splash on a stationary surface (Figure 1.3b), movement of the surface can
suppress the splashing at the side where the lamella moves in the direction of the surface motion
and changes it to spreading (Figure 1.3c) [26,32—34]. The same observations are made for drop
impact onto an inclined surface [34,37]. Aboud et al.[32] recently found that, upon drop impact
onto a moving hydrophobic surface, an additional behavior of stretch rebounding was observed.
Stretch rebounding refers to complete rebound of a droplet which is stretched by the surface
motion. However, the process of such stretch rebounding was not investigated in details. It is
also found that using hydrophobic surface promotes splashing for drop impact on a moving

surface.



(a) Spreading (b) Splashing

Side view

Overhead view

Figure 1.3: Schematic view of drop (a) spreading, and (b) splashing over a stationary surface. (c)
Shows schematically one side splashing of the drop over a moving surface. Surface moves from
right to left.

It is clear that a few studies have been conducted to investigate drop impact onto a moving
surface. The lamella development (how drop lamella spreads or recedes) that is of a fundamental
importance for drop impact onto a surface is not studied yet. The understanding in literature, i.e.
2D asymmetric behavior for drop impact onto a moving surface, is highly questionable, since the
direction of the lamella velocity along the lamella contact line (which is radially outward) differs
azimuthally from the surface velocity direction, i.e. it is 3D asymmetric. This issue is from the
fact that most of the works so far have been performed only from the side view observations. As
such, if the lamella is azimuthally asymmetric (3D asymmetric), following are the issues which

should be addressed:



e How surface motion (i.e. tangential velocity) changes the lamella development (i.e.
lamella expanding, pinning, and recoiling process) from that of stationary one? The
answer can also help with understanding the wettability effects (e.g. how stretch
rebounding occurs).

e Having understood the lamella development of drop, how parameters of drop and surface
velocities, surface wettability, and liquid viscosity affect the lamella shape? Or, how is
the time evolution of the liquid film outline upon drop spreading on a moving surface at
various drop impact conditions? The answer will be a relation which is capable to
describe asymmetric spreading seen when a drop impact onto a moving surface.

e s the drop splashing on a moving surface azimuthally asymmetric as well? If yes, there
will be need to study both qualitatively and quantitatively drop splashing on a moving
surface.

e How liquid viscosity affects splashing behavior of a drop upon impact onto a surface? As
mentioned before, this issue is not understood yet for drop impact onto a stationary

surface, as a most simple and basic format of drop impact.

1.2 Objectives of this Thesis

In this thesis, a systematic study was performed to understand drop impact onto hydrophilic and
hydrophobic moving surfaces. More than 450 different systems, i.e. combination of liquids,
surfaces, and drop impact conditions, were examined. Considering the mentioned gaps, the goals
of this thesis are to:

1. Identify all of the possible outcomes of the drop impact onto a moving surface



2. Understand the azimuthal development (expanding, pinning, and recoiling process) of the
lamella upon drop impact onto a moving surface

3. Understand how parameters of drop and surface velocities, surface wettability, and liquid
viscosity affect the lamella shape; and, develop a model to predict the drop spreading outline
over a moving surface

4. Understand the drop splashing over a moving surface and develop a model to predict the
splashing behavior all around the lamella contact line

5. Conduct a preliminary investigation on the effect of liquid viscosity on splashing behavior of
a drop upon impact onto a stationary surface

It should be noted that this thesis focuses on investigation of drop impact onto moving

hydrophilic and hydrophobic surfaces; the surfaces with the same roughness are used in this

study. When surfaces with different roughness are involved, the outcome of the drop (like

splashing) will be affected. Furthermore, the surface elasticity or extreme wettabilities effects

(such as superhydrophobic or superhysrophilic surfaces) were not studied in this study.

All of the liquids which are used in this study are Newtonian fluid. For the non-Newtonian fluid,

the viscosity is not constant as such the behavior can be more complex during the impact

process. Understanding how surrounding gas pressure affects the drop impact process is beyond

the scope of this thesis. In addition, here we mainly focused on the spreading and splashing

behaviors of the drop upon impact onto a moving surface; as such the behaviors like what

happens with the drop after it rebounds at very high surface velocity is not discussed.

1.3 Thesis outline

The writing of this thesis is organized around two papers that are either submitted or in the

process of submission now, as well as one ongoing work; each of these forms one chapter in this

9



thesis. As such, each part will have its more focused introduction, motivation, and literature
review. Below the outline of this thesis is explained:

Chapter 2: in this chapter, we will explain the azimuthal development (expanding, pinning, and
recoiling process) of the lamella upon drop impact onto a moving surface. Effect of the
parameters, like wettability, on lamella development will be discussed. Different form of
splashing for drop impact onto moving surface will be reported. A model will be developed to
predict the splashing behavior all around the lamella contact line. We will discuss the effect of
viscosity on drop impact process and outcomes for moving surfaces. Comprehensive regime
maps for the drop impact onto both hydrophilic and hydrophobic surfaces will be presented.
Chapter 3: We will study the spreading behavior of a drop upon impact onto a moving surface.
The effect of the normal and tangential velocities and surface wettability on drop spreading will
be discussed. A model will be developed to mathematically predict not only the maximum
spreading of lamella, but also time evolution of the lamella. The model prediction will be
validated with experimental data.

Chapter 4: In this chapter, the effect of the liquid viscosity on splashing behavior of a drop upon
normally impact onto a stationary surface will be discussed. To date understanding in tem of role
of viscosity on drop splashing will be explained. The possible reasons on why there is a low
agreement viscosity effect on drop splashing will be discussed. Finally, our experimental results

and discussion about the effect of viscosity on splashing will be presented.
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Chapter Two

Understanding the drop impact onto moving hydrophilic

and hydrophobic surfaces®

2.1 Introduction

It is important to understand the behavior of drop impact onto a surface due to its various
applications such as inkjet printing [1,2], spray coating (rail industry [6,7]) and cooling (turbine
blades [9]). There are many experimental and numerical studies in the literature on the drop
impact onto a stationary surface [12-14]. However, many of the above applications involve drop
impact onto a moving surface and only a few works have been done in this area.

In the case of the drop impact onto a stationary surface, two stages can be recognized: First,
when, after contact with the surface, the drop moves vertically down and the liquid radially
spreads over the surface until it reaches the maximum diameter, Dnax (S€€ €xpansion in
Figure 2.1a); second, after the lamella reaches its maximum spreading which results in either
receding or pinning of contact line (retraction, Figure 2.1a). Drop shows different behaviors

during these two stages [15,24].

! This chapter is submitted to Soft Matter. Authors: Hamed Almohammadi and Alidad Amirfazli
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In the first stage (Figure 2.1a), where the Kkinetic energy of the droplet is high, three main
outcomes are observed: spreading, prompt splashing and corona splashing (at very high speeds
disintegration of drop is also possible). Spreading refers to the radial expansion of the lamella
over the surface without any detachment. Prompt splashing happens when tiny droplets detach
from the advancing contact line of the lamella; while corona splashing occurs when the lamella
lifts off the surface which subsequently breaks up into tiny droplets. Depending on the drop
velocity, diameter, surface tension and viscosity [16-19], surface roughness [18,21] and
surrounding gas [19] the outcomes differ.

In the second stage (Figure 2.1a), the kinetic energy of the drop has mainly dissipated by viscous
and surface forces. The lamella may or may not start to recede from its maximum spread. The
amount and way of the receding, which depends on impact conditions, liquid [20] and especially
surface [22,23] parameters, determine the final outcome. The following outcomes are observed:

deposition (with or without receding), receding breakup, partial rebound, and complete rebound.
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Figure 2.1: Schematic view of the lamella development upon drop impact onto a (a) stationary,
and (b) moving surfaces. Dashed line shows the upstream and downstream boundary. Dotted

lines show the lamella development when there is no movement of the surface.

The question is how a drop behaves upon impact onto a moving surface (Figure 2.1b)? A few
studies have been done to address this question [26,32-36]. It was found that aside from the
usual symmetric spreading and splashing, for drop impact onto a moving surface, one can
observe asymmetric outcomes like spreading in one side of the drop (downstream in Figure 2.1b)
and splashing at the other side of the drop (upstream in Figure 2.1b) [26,32—34]. For example, if
drop impact conditions are such that drop would splash on a stationary surface, movement of the
surface can suppress the splashing at downstream and change it to spreading [26,32—-34]. Also, if
the drop impact conditions led to spreading for a stationary surface, surface movement can
change the spreading behavior upstream to splashing [26,32,34]. Based on such observations,

Bird et al. [26] developed a model for splashing of a drop impacting onto a moving surface using

13



a 1D axisymmetric analysis, i.e. considering the lamella and surface velocities only at two points
at the upstream and the downstream (see points u and d in Figure 2.1b):

WenRe,2(1-kRe Y2V gV, ?>K (2.1)
where Vs and V, are the surface and drop velocities, respectively. To predict the splashing at
downstream or upstream, surface velocity should be used with positive or negative values,
respectively; We,, is the normal Weber number (We,=pV,?Do/o, where p is the liquid density, Do
is the drop diameter, and o is the liquid surface tension); and Re, refers to the normal Reynolds
number (Re,=pV,Do/u, where p is the liquid dynamic viscosity). In addition, k and K are the
constants of the order of one, and much higher than one, respectively. Bird et al. [26] reported
good agreement between their experimental results and that of Eq. (2.1). There are two issues
however that needs attention. In Ref. [26] only one liquid (ethanol) was used to validate the Eq.
(2.1), so the question remains, if viscosity or surface tension or surface wettability can make a
difference? Secondly, the model was based on a 1D concept, but as discussed above the
spreading is asymmetric azimuthally (see also below).

Very recently, Aboud et al. [32] observed if a hydrophobic surface is used, the splash threshold is
lowered compared to a hydrophilic surface. In addition, they found that, upon drop impact onto a
moving hydrophobic surface, an additional behavior of stretch rebounding is observed. Stretch
rebounding refers to complete rebound of a droplet which is stretched by the surface motion.
However, the process of such stretch rebounding was not investigated in detail.

Most of the works so far have focused on whether drop spreads or splashes at upstream or
downstream upon impact onto a moving surface. However, since most of these works have been
performed only from the side view observations, it is not clear whether the lamella is asymmetric

with respect to the line between upstream and downstream (see dashed line in Figure 2.1b), or it
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is asymmetric azimuthally which cannot be observed from side view. The latter arises from the
fact that the direction of the lamella velocity along the lamella contact line (which is radially
outward) differs azimuthally from the surface velocity direction (which is from left to right;
Figure 2.1b). If the lamella is azimuthally asymmetric, two questions will be raised: first, how is
the lamella development (i.e. lamella expanding, pinning, and recoiling process) on a moving
surface? Understanding the lamella development can also help with understanding the wettability
effects (e.g. how stretch rebounding occurs). Second, is the drop splashing on a moving surface
azimuthally asymmetric? If yes, then using a 1D model (like Eq. 2.1) to predict splashing over
moving surface will be limited only to two points of u and d (see Figure 2.1b); this means that to
date understanding is limited to only ~0.6% (2/360) portion of the lamella contact line (each
point considered as 1° span azimuthally). Therefore, there will be a need to develop a model to
predict the splashing behavior around the lamella contact line.

Taken all together, it is clear that significantly fewer studies have been conducted to investigate
drop impact onto a moving surface. Almost all of existing works did not consider the details of
lamella development that is a fundamental issue for drop impact onto a surface. In addition, the
predication of the splashing behavior is based on the two points of u and d (Figure 2.1b), which
does not comply with the practical meaning of splashing as understood in the literature.
Therefore, in this chapter we provide a systematic study of drop impact onto moving hydrophilic
and hydrophobic surfaces for different liquids. We will consider the azimuthal development
(expanding, pinning, and recoiling process) of the lamella. A model is developed to predict the
splashing behavior all around the lamella contact line. For the first time, we will discuss the
effect of viscosity on drop impact process and outcomes for moving surfaces. Comprehensive

regime maps for the drop impact onto both hydrophilic and hydrophobic surfaces will be
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presented. As such, objectives (1,2, and 4; which are stated in Chapter 1) will be addressed in

this section.

2.2 Methods and materials

A schematic view of the experimental setup is shown in Figure 2.2. The setup consists of three

main parts: drop generation, moving surface, and recording equipment.
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Figure 2.2: Schematic of the experimental setup
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Drop generation: To generate drops a syringe-needle system was used. Drops with diameter

of Dp=2.5+0.1 mm were released from different heights above the target surface to generate drop
velocities from 0.5 to 3.4 m/s. All of the experiments were done at room temperature (20°C).
Mixtures of the water and glycerol with approximately the same surface tension and density, but
different viscosities were used as the working fluids (see Table 2.1). The focus was on liquids
with viscosities in the range of wp< 4 cSt which is referred as a low viscous liquids in the
literature (in the context of drop impact). For low viscous liquids, it is well known that increase

of the viscosity enhances the splashing on stationary surfaces [16,18,19].

Table 2.1: Physical properties of the working fluids

Liquid name  Percentage of Density p Surface tension ¢ Dynamic Vviscosity u
glycerol (wt %)  (kg/m°) [38] (mN/m) [38] (mPa.s) [39]

Water 0 998.2 71.7 1.005

Mixture 1 24 1057.2 70.6 2.025

Mixture 2 42 1104.7 69.2 4.106

Moving surface: Two surfaces with different wettabilities were used as target surfaces. The
hydrophilic surface was a stainless steel surface with advancing and receding contact angles of
89+1° and 34+2°, respectively. Teflon coated stainless steel with advancing contact angle of
123+1° and receding contact angle of 109+1° was used as the hydrophobic surface. To fabricate
Teflon coated surfaces, a solution containing FC-75 and Teflon (5:1 (v/v) FC-75, 3-M/Teflon

AF, Dupont) was prepared and spray coated over the cleaned (with DI water and acetone)
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stainless steel. A surface profilometer was used to quantify the surfaces’ roughness; where Sq
(root mean square height of the surface) was measured to be 112+20 nm for hydrophobic and
69+4 nm for hydrophilic surfaces (see Supporting Information for details). Considering Ref.
[19], it will be reasonable to assume the similar roughness for both surfaces.

The surfaces were mounted on a rotating large wheel (Dia. 56.9 cm). The wheel was rotated at
various rotational velocities by changing the input voltage of a motor (see Figure 2.2). Wide
range of rotational speeds, which gives linear velocity in the range of 0 to 17 m/s, was used. We
assumed the target surface as a moving horizontal surface. Note the justification of this

assumption is available in the Appendix A.
Recording: The experiments were recorded from both side and overhead. High speed phantom

cameras were used at 5,000 and 10,000 fps from overhead and side views, respectively.

18



2.3 Results and discussion

Drop impact onto both stationary and moving hydrophilic surfaces are presented in Figure 2.3.
For the stationary surface, upon impact, drop expands radially over the surface until it reaches
the maximum diameter (Dmax). After reaching the maximum diameter, lamella recedes from its
maximum spreading (Figure 2.3a). On the moving surface, drop spreads asymmetrically over the
surface which results in an elongated and asymmetric outline (Figure 2.3b). The lamella spreads
more in the direction of surface movement compared to that of a stationary surface. Looking at
lamella width, during the spreading, the lamella grows until the maximum width is reached; then,
it starts to recoil (Figure 2.3b).

Considering the context of the drop impact onto a stationary surface, the time corresponding to
Dmax 1S expressed as tmax; for drop impact onto a moving surface we defined the tmax as a time
when the lamella reaches its maximum width (Figure 2.3 third row). The maximum width line is
considered as a boundary between the upstream and downstream regions. The behavior of the
drop impact onto a moving surface, similar to an impact onto a stationary surface can be studied
in two phases: (i) lamella development before reaching the maximum width (t<tmax), and (ii) after

reaching the maximum width (t>tyax).
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(a) Stationary (b) Moving

Upstream
_ N

44— Surface movement
Figure 2.3: Overhead view of the drop impact onto a (a) stationary, and (b) moving hydrophilic

surfaces (stainless steel). Drop velocity is V,=2.01 m/s, and surface velocities are (a) Vs= 0 m/s,

and (b) Vs=5.82 m/s; surface moves from right to left.

2.3.1 Lamella development before tmax

2.3.1.1 Spreading

Spreading of a drop over a moving surface is due to two facts: First, drop’s initial kinetic energy;
second, momentum transfer from the surface to lamella. The first one leads to lamella expansion
around the liquid body of the drop; and the second stretches the lamella in the direction of the
surface movement (Figures 2.4a and 2.4c).

Interestingly, we found that the liquid body of drop moves only vertically down after contact

with the surface during the spreading process; this can be seen from drop body motion in Figures
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2.4a and 2.4c which is along the vertical dashed line. Location of the liquid body is important
since the lamella expansion occurs around the drop, as it flattens. The results for various drop
impact conditions, surfaces (both hydrophilic and hydrophobic), and various drop viscosities
show the same vertical movement for the drop (see Appendix A). It should be noted that the
vertical movement of the drop during spreading over the moving surface can be understood by
the negligible shear transfer from the surface to the bulk of the drop. In other words, since for
tested liquids the momentum transfer only affects the liquid very close to the surface, one do not
observe horizontal movement affecting the bulk of the drop (i.e. resulting in remaining of drop
apex on a vertical path).

To summarize the general behavior, the asymmetric shape of the lamella can be explained by: (i)
initial kinetic energy of the drop impact which leads to expanding of the lamella around the drop,
(i) momentum transfer from the surface which results in stretching of the expanded lamella in
the direction of the surface movement. More specific findings for hydrophilic and hydrophobic

surfaces are discussed below.
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Figure 2.4: Side and overhead views of the water drop impact onto moving hydrophilic (a and b)
and hydrophobic (c and d) surfaces. Drop velocity is V,=2.01 m/s and surface velocities are (a
and b) Vs=5.75 m/s, and (c and d) V<= 5.65 m/s. Vertical dashed line shows the local for the drop
apex; apex only moves in the vertical direction. White cross refers to the drop impact point on a
surface where it moves with Vs, i.e. moving away from dashed line (drop apex). Surface moves
from right to left. Taking drop impact point as the reference, (b) and (d) show the shifted images
of (a) and (c), respectively. Vertical solid line shows the drop impact points. Arrows refer to the

lamella movement direction.
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Hydrophilic surfaces: Figure 2.4a demonstrates the process of the drop impact onto a moving
hydrophilic surface. Upon the drop impact, first the lamella expands in all directions at a very
initial time, i.e. t<0.2 ms (the presence of the liquid downstream of the drop impact point
confirms this). Lamella expanding in all directions at very initial time (even at direction of
surface motion) can be understood by the dominance of the kinetic energy of the drop compared
to the momentum transfer by the surface. Then, the lamella stops expanding at downstream and
only being stretched by the surface movement; while it continues to expand at upstream until it
reaches the maximum width (see Figure 2.4a).

The question is how the lamella behaves during stretching at downstream i.e. whether it remains
stationary relative to the surface or recoils? To answer this question, we look at the lamella
contact line behavior relative to the surface. To do this, we took the drop impact point as the
reference in Figure 2.4b. Note that to have the drop impact process viewed from drop impact
point as the reference (Figure 2.4b), each of the selected snapshots from Figure 2.4a has been
shifted in space by the surface velocity times the corresponding time interval. The lamella
contact line spreads at initial time in all direction. Then, the downstream contact line remains
almost stationary relative to the surface (see superimposed outlines of lamella, in Figure 2.4b
rows 3 and 4); this implies that the lamella contact line moves with the surface velocity during
the stretching at downstream.

The lamella arrest at the downstream can be understood from the fact that the lamella contact
line at downstream moves away (with surface velocity) from the bulk of the drop (see vertical
dashed line for liquid body location; in Figure 2.4a). Such movement keeps the downstream
lamella contact line far from the bulk of the drop where through flattening it feeds the lamella.

However, at upstream, since the lamella is near the bulk of the drop, it keeps expanding.
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The lamella arrest onset (at tarest) at downstream can be the instant where the lamella contact line
velocity (originated by the drop kinetic energy) is smaller than the surface velocity. When the
lamella velocity is less than the surface velocity, it will remain almost pinned to the surface and
move with surface velocity. In the time span of interest (t<tmax) this can be explained by: First,
liquid-solid contact line at downstream should spend some time (At) to change the contact angle
from the value reached at the moment of spreading arrest to the value needed for the contact line
to recede (see Antonini et al. [30] for details); second, the receding velocity of the contact line
will be low as the receding contact angle (34+2°) is small [20]. All together this results in a very
small displacement at downstream in the time where the receding can happen (= t-At- tarest,
where t<tmax). It should be noted that for some conditions, At can be even higher than tm.x (See
Figure 6 in Ref. [30] for details).

Hydrophobic surfaces: Selected snapshots of drop impacting onto a moving hydrophobic
surface are shown in Figure 2.4c. The drop behavior and its spreading are very similar to drop
impact onto hydrophilic surfaces for t<0.2 ms (see the lamella at the downstream of the drop
impact point in 2" row of Figure 2.4c). However, once the lamella stops expanding, it starts
recoiling at the outlines of the lamella downstream (while it is stretching at downstream where it
connects to the bulk of the drop). The lamella continues to expand at upstream. The recoiling of
the lamella at downstream is seen clearly in Figure 2.4d (Figure 2.4d is shifted images in space
from that of Figure 2.4c in a similar fashion explained for Figures 2.4a and 2.4b).

Figures 2.5 shows drop impact onto a moving hydrophobic surface, but at a lower drop velocity
compared to Figure 2.4c. It is observed that at a similar surface velocity, lower drop velocity
causes a more pronounced recoiling of the lamella at downstream and ultimately a tail-lift-off

behavior, i.e. jetting and rebounding (Figure 2.5). This behavior of the lamella can be explained
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as follows: The shape of the lamella at downstream for lower drop velocities is much elongated,;
recoiling of such shape means that lamella meets each other quickly in the width direction. Once
recoiling fronts meet at the center line, it results in rebounding of a stretched filament of liquid
(jetting). The mechanism of rebound is much like drop rebounding on a stationary surface [40],

but in this case since the lamella has an asymmetric outline, one observes such elongated

filament (see last row Figure 2.5a).

@ Surface movement =omm
Figure 2.5: Side and overhead views of a water drop impact onto a moving hydrophobic surface.
Drop velocity is V,=0.72 m/s, and surface velocity is Vs= 5.46 m/s. Vertical dashed line shows
the local of the drop apex; apex only moves in the vertical direction. White cross refers to the
drop impact point on a surface where it moves with Vs, i.e. move away from dashed line (drop
apex) with surface velocity. Surface moves from right to left. Taking drop impact point as the
reference, (b) shows the shifted images of (a). Vertical solid line shows the drop impact point.

Arrows refer to the lamella movement direction.

25



2.3.1.2 Splashing

Four types of splashing are observed for drop impact onto a moving surface (see Figure 2.6); the
convention X-Y is used for naming: X denotes the behavior in the downstream and Y refers to
the upstream.

€)) Spreading-prompt splashing (Figure 2.6a): where tiny droplets are generated at
upstream contact line of the lamella, while the lamella spreads over the surface at
downstream.

(b) Spreading-corona splashing (Figure 2.6b): in this type of splashing some portion of
the lamella at upstream lifts off and subsequently detaches, while the lamella is in
spreading phase at downstream.

(© Prompt-corona splashing (Figure 2.6¢): this refers to tiny droplets detachment from
the advancing contact line at downstream and corona splashing at upstream.

(d) Asymmetric corona splashing (Figure 2.6d): this is lifting off the lamella around the
drop contact line in an azimuthally asymmetric form.

Note that the in cases of (a) and (b), spreading behavior of the lamella at downstream is

discussed in Section 2.3.1.1.
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Figure 2.6: Side and overhead views of the drop splashing on a moving hydrophilic surface;

=0.8 ms

t

zoomed views are provided in the insets. Drop and surface velocities and liquids are: (a) V=
2.86 m/s, Vs= 11.5 m/s, and water; (b) V,= 2.86 m/s, V= 14.9 m/s, and water; (¢c) V,= 3.2 m/s,
V= 1.5 m/s, and mixture 1; (d) Vo= 3.2 m/s, V= 1.5 m/s, and mixture 2. White cross refers to the
drop impact point on a surface where it moves with V. Vertical dashed line shows the local of
the drop apex. Surface moves from right to left. The ¢ refers to the splashed portion of the
lamella; ¢ is measured at the instant when the lamella starts to lift off. The azimuthal coordinate

(i.e. point 0) is centered at the drop apex.
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Looking closely, we observe that unlike the understanding in previous studies, the entire lamella
in the upstream/downstream does not behave uniformly (Figure 2.6); in fact, the extent of
splashing azimuthally differs depending on the drop impact conditions (We,, Re,, V;, and
surface wettability). This can be understood by the fact that velocity difference between the
surface and liquid film is not uniform over the entire lamella in the upstream/downstream; it
gradually decreases in azimuthal direction along the lamella contact line from point ¢ = 0° to
@ = 180° (see Figure 2.6b). Therefore, considering a 1D model (as done in the literature) will
limit the prediction of splashing for only two points (u and d in Figure 2.1b); this does not
capture the practical meaning of splashing as one expects. To develop a model for splashing
involving a moving surface, unlike the slashing model for stationary surface which can be
developed by 1D analysis, a 2D model (lamella azimuthal development) should be considered.
The 2D model should be capable of predicting the splashing of the drop as a function of ¢ (see

Figure 2.6b).

2.3.1.2.1 Splashing Model

Here, a model is developed to predict splashing for drop impact onto a moving surface. To do so,
the common model for splashing on a stationary surface is considered as the departing point
[31,41];

We,Re,* = K; (2.2)
where K, is a constant which depends on surface roughness. In literature different values are
reported for « and K, (see Refs [14,31]). In the following we first express the Eq. 2.2 in the form
of the velocity differences between the lamella and surface (which is equal to lamella velocity

for a stationary surface). Then, the term of the velocity difference will be modified to have a
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model which accounts for surface motion as well. To do so, below Eg. 2.2 is expressed as a

function of the drop velocity.

1+apnl+a
pT4D
T(Vn)zm =K, (2.3)

Drop velocity can be expressed as a function of the lamella velocity at the time when the

splashing initiates based on Rioboux et al. [42] as following:

V= @Bt 24)
where V; is the lamella velocity at the instance the lamella appears upon drop impact onto a
surface; t; is the instant where the lamella appears. It is understood that the splashing initiates at
the instant of lamella appearance [42]. Talking all together, Eq. 2.2 can be rewritten as a function

of the lamella velocity as following:

1+aD1+a

p_-
ou®

(/31 /?)?e = K, (2.5)
For the drop impact onto a moving surface, the velocity difference between the lamella and
surface (the term V; in Eq. 2.5) is expressed as following (we considered the velocity difference
in radial direction, see Figures 2.6b and 2.7b for azimuthal direction, ¢):

Vo =V +Vscosg (2.6)
The value of the ¢ is to be measured at the instant when the lamella starts to lift off (see Figure
2.6b). Note that the velocity difference between lamella and surface is symmetric with respect to
the straight line which passing through u and d in Figure 2.1b; as a result, the splashing will be

symmetric with respect to such line. By applying velocity difference between lamella and surface

for moving surface (Eq. 2.6) in Eq. 2.5, one can write:

1+a nl+a

P

e @DV + Vcos @)t/ = Ky (28)
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The same t; is assumed for drop impact onto a moving surface as a stationary one [26]. The ¢t; is
expressed as following [42] (for low viscous liquids):

t, = cWe, /3 (2.9)
where ¢ is a constant. Using the expression for t; in Eg. 2.8, and rewriting the equation in

nondimensional form one has:

2+a

V
We,Re,* (1 + K, VS We, 3 cos (p) =K (2.10)

n

Equation 2.10 can be viewed as a general equation to determine the splashing threshold, since by
setting V; to zero, Eq. 2.2 for stationary surface will be recovered.

To determine the values of the a, K; and K; in Eq. 2.10, 123 experiments with corona splashing
were considered for different combination of liquids, surfaces, and drop and surface velocities.
We fit the data to Eq. 2.10 using the toolbox cftool in MATLAB. The values of a and K; are
determined to be @ = —1.0 and K;=0.14 for both hydrophilic and hydrophobic surfaces. And, the
value K; is found to be 4.53 for the hydrophilic surface, and 6.59 for the hydrophobic surface
(see Appendix A for curve fitting details).

Figure 2.7a presents the outcomes of the drop impact onto moving hydrophilic and hydrophobic

surfaces. Note that the x axis for ¢ =180 is reported as absolute value
(1[(2::—:LWen‘1/3 cos(180°)|). The solid line in Figure 2.7a is the boundary between spreading

and when small droplet detachments start to appear (note we deliberately do not use the term
splashing as at the threshold only small portion of the lamella exhibits droplet detachments).
Although corona splashing data was used to find the constants in Eq. 2.10, it can be seen from

Figure 2.7a that practically the solid line is a general boundary; this is so as data points for when
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behaviors such as spreading-prompt splashing, and prompt-corona splashing start to appear are
also lie near this line.

The band delimited with dashed lines in Figure 2.7a show how Eq. 2.10 also nicely represents
the data for cases where splashing takes place over a significant portion of the lamella (note that
for 70° < ¢ < 80°, we use the term splashing since a significant portion of lamella experiences
lifting off). The same is true for the interval of 100°<@<110°. For graphical clarity we have not
shown similar agreements seen for other systems. Note that as x axis in Figure 2.7 is normalized
for K values, the plot is useful for both hydrophilic and hydrophobic surfaces.

Figure 2.7b shows the model prediction for drop splashing along the lamella contact line for
various conditions of drop impact. It can be seen that the spread of splashing in the azimuthal
direction is nonlinear. Splashing from a single point (at ¢=0°, i.e. point u as used in 1D models)
spreads to say ¢=30 with small changes in V; or V,. But splashing a large portion of lamella (say
@>60") needs a considerably larger change in drop impact conditions. Finally, if drop is
splashing in ¢ direction to a large extent, say if ¢ is larger than 150°, then small changes in the
impact conditions causes the splashing from the entire lamella (similar to impact on a stationary
surface where either there is no splashing or entire lamella is splashing, see the cusp in Figure
2.7aor 2.7b)

The experimental results of the Aboud et al. [32] for drop impact onto a moving surface (smooth
aluminum) shows good agreement as well (see Figure 2.7b). Note that we used the results of
smooth aluminum from Aboud et al. [32] work (see Figure 4b in Ref. [32]) as it has very close
wettability to hydrophilic surface used in this study (i.e. K, can be considered as 4.53 for their

data).
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Figure 2.7: (a) Outcomes of water, mixture 1, and mixture 2 drop impact onto moving
hydrophilic and hydrophobic surfaces (symbols). Axes are non-dimensionalized considering the
parameters in Eq. 2.10. The model predications for ¢ = 0° and = 180° are included. Within the
spreading-splashing regime, the splashing happens with different ¢ values. The experimental
and = 115 + 5° are provided. (b)

data and model predication for ¢ in the bands of ¢ = 75 + 5°

Model prediction for the extent of splashing in ¢ direction (see point A and inset) for various

conditions of drop impact onto moving surface is shown. Open symbols show the Aboud et al.

[32] experimental data.
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Effect of surface velocity: The behavior for the portion of the lamella at the boundary between
upstream and downstream (i.e. ¢ = 90°) is not affected by surface movement (see the line
marked with ¢ = 90° in Figure 2.7b which is independent of surface velocity). If drop impact
conditions are such that drop would spreads on a stationary surface (see We,Re, */K; < 1
regime in Figure 2.7b), the splashed portion of the lamella (¢) increases as the surface velocity
increases. However, in the case where drop splashes at stationary surface (see We,Re, /K, >
1 regime in Figure 2.7b), moving the surface leads to spreading of a larger portion of the lamella
(180° — ) at the downstream.

Effect of viscosity: The effect of liquid viscosity on splashing of drop impact onto a moving
surface has not been studied experimentally to date. We found that at the same drop velocity, an
increase of viscosity promotes the splashing (see the value of a in Eq. 2.10). In other words, the
spreading possibility becomes limited for higher viscous liquids compared to water. The possible
explanation for decreasing of the splashing threshold (for low viscous liquids) can be the higher
lamella thickness, as discussed by Ruiter et al. [43]. The higher thickness experiences more lift
force by the surrounding air on the edge of the lamella which is one of the main reasons for
occurrence of splashing [42].

It should be noted that prediction from the model in Ref. [26] (i.e. Eq. 2.1) indicates a behavior
opposite to ours (see power of a); but reliability if the value of @ may be in question as in Ref.
[26] only one liquid was used. Furthermore, looking at the literature from stationary surface (e.g.
Refs. [16,18,19]), one finds that for low viscous liquids (types in this study and Ref. [26]) an
increase of viscosity promotes splashing.

Wettability effect: Considering that the values of K, is higher for the hydrophobic surface

(K2=6.59) compared to the hydrophilic one (K,=4.53), it is understood that using a hydrophobic
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surface, the lamella splashes with higher ¢ values compared to the hydrophilic surface. The
reason is dewetting of the lamella, which plays a main role in lifting of the lamella, that is easier
for hydrophobic surface due to the higher contact angles [20,42]. As such, for a hydrophobic
surface the splashed portion of the lamella (highlighted with ¢), can stretch the adjunct points

(¢ + A¢p) which are in spreading phase, and subsequently lift to instigate splashing.

2.3.2 Lamella development after t.

Here we present the possible behaviors for drop impact onto a moving surface after the lamella
reaches the maximum width.

Hydrophilic surface: For a hydrophilic surface, we observed three different behaviors: recoiling
(Figure 2.8a), fingering (Figure 2.8b), and splashing at upstream. In the case of the recoiling, the
lamella, due to surface tension, starts to contract towards the center line and finally forms a
narrow liquid strip (Figure 2.8a). As it is shown in Figure 2.8a and 2.8b, the increase of the drop
velocity, at the same surface velocity (Vs=5.9 m/s), from V,=1.43 m/s to V, =3.2 m/s changes the
upstream behavior from recoiling to fingering. The undulations in the advancing contact line of
the lamella (fingering) are explained using Rayleigh—Taylor instability for an advancing contact
line and details can be found in Refs [44,45].

The outcomes of the water drop impact onto a moving hydrophilic surface at t>t,nx for a wide
range of normal and tangential Weber numbers are presented in Figure 2.9a. Note that in this
figure, the symbols show the outcome at t<tmax (See Section 2.3.1), and the background color
highlights the behavior of the lamella at t>t,mx. For example, for water drop impact at We,=400
and We=4,000, the initial behavior is spreading-prompt splashing, and later outcome is fingering

at upstream. When drop experiences corona splashing at t<tyax at upstream (highlighted with = in
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Figures 2.7 and 2.9) the same behavior is seen after tmax (highlighted with orange background in
Figure 2.9).

The outcomes for mixtures 1 and 2 are presented in Figures 2.9b and 2.9c. For very limited
conditions the recoiling is also observed for higher viscous liquids. Fingering behavior was not
seen for viscous liquids. Essentially an increase of the viscosity makes the viscous forces

dominant over inertial forces and as a result fingering is suppressed [46].

a) Recoiling (b) Fingering c) Stretch rebound
u‘l !I] EB

t=4.2 ms E* t34ms t—52ms
e, | — -

t=5.6 ms Hq t=4.4 ms El_‘ t=7.2 ms

t=7.0 ms H* t=5.4 ms b n t=9.2 ms

4— Surface movement
Figure 2.8: Side and overhead views of water drop impact onto moving (a and b) hydrophilic,

10 mm

and (c) hydrophobic surfaces. Drop and surface velocities are (a) V,=1.4 m/s, Vs=5.9 m/s, (b)
Vn=3.2 m/s, Vs=5.9 m/s, and (¢) V,=0.7 m/s, Vs=5.5 m/s.

Hydrophobic surfaces: The lamella on a hydrophobic surface shows the following outcomes at
t>tamx: fingering, stretch rebound (Figure 2.8c), and splashing. Fingering behavior is discussed in
previous section. In the case of the stretch rebound, all of the liquid film over the surface
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rebounds from the surface in the form of a narrow liquid filament (Figure 2.8c). Stretch rebound
happens following the tail-lift-off mechanism discussed in Section 2.3.1.1 (asymmetric recoil).
The lamella lift off starts at the tail part at t<tyn.x and extends to whole of the lamella over the
surface at t>tmax, Which finally results in rebounding.

The regime maps for various liquids impact onto a hydrophobic surface at t>t,mx is presented in
Figures 2.9d to 2.9f. For water drop impact (Figure 2.9d), upon drop impact onto a stationary
surface, we observed complete rebound for the range of the normal Weber numbers (We,=17 to
400) studied in this work. Using moving surface, for low tangential Weber number as well as
low normal Weber number, the stretch rebound is observed. At the same tangential Weber
number, but high normal Weber number, the fingering occurs. For viscous liquids (i.e. mixtures
1 and 2), similar to hydrophilic surfaces, fingering was not observed. Furthermore, the
rebounding on a moving surface was suppressed. This can be understood by the fact that, for
viscous liquids drop impact, the energy dissipation (i.e. viscous dissipation) is higher during

recoiling [40].
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Figure 2.9: Regime maps of the drop impact onto a moving hydrophilic (a-c) and hydrophobic
(d-f) surfaces. The liquids are: (a and d) water; (b and e) mixture 1; (c and f) mixture 2. Symbols
show the drop impact outcome at /<fmax ; background colors refer to the drop impact outcome at

t>tmax. Lines are to guide the eye.
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Chapter Three

Asymmetric spreading of a drop upon impact onto a

surface: Doppler Effect analogy?

3.1 Introduction

Understanding the spreading of a liquid drop on a surface, i.e. the amount and way of wetting of

the surface by drop impact, is of fundamental importance for natural and industrial processes [2—
6,9]. Many studies are conducted to understand the most simple and basic format of drop
impact, i.e. drop spreading over a stationary surface [12-15,47]. Recently, drop impact for
complex drop/surfaces are studied to gain practical insights or achieve desired results like
reducing the drop interaction time with surface, or controlling the drop deposition [5,24,48-52].
However, drop spreading on a moving surface as one of the most common and practical
configuration is rarely studied. Drop spreading over moving surface can be seen in many
agricultural and industrial instances including printing (e.g. inkjet printing [2,3]), and spraying
(e.qg. pesticide [4,5], turbine blades [8,9], and rail industry [6]). Studying the surface motion (i.e.
tangential velocity) effect is also helpful in understanding the systems like drop impact onto an

inclined surface or drop arriving at an angle onto a surface [26]. Thus, even wider range of

2 This chapter is to be submitted for publication soon. Authors: Hamed Almohammadi and Alidad Amirfazli
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applications can be listed. Here, we experimentally and through modeling investigate the effect
of tangential velocity on spreading of drop upon impact onto a surface.

When drop impacts onto a stationary surface (Figure 3.1a), due to high kinetic energy of the
drop, it flattens symmetrically as a radially expanding liquid film. This process (called
spreading) ends with dissipation of the drop kinetic energy by the surface and viscous forces.
The spreading ends when maximum spreading diameter is reached at a certain time, tmax (Figure
3.1a). The maximum spreading diameter is expressed as maximum spread factor: &nax=Dmax/Do,
ratio of the maximum spreading diameter, Dpay, to the initial drop diameter, Do. In the literature,
many studies have been developed to predict &max. The &nax 1S found to be dependent on non-
dimensional numbers including: the normal Reynolds number (Re,=p VDo, ratio of viscous to
the inertia forces, where p is the liquid density, V, is the drop normal velocity, and [ is the liquid
dynamic viscosity), and the normal Weber number (We,=pV,’Dy/s, ratio of inertia to surface
forces, where ¢ is the liquid surface tension), and surface wettability [30,40,53-59]. In addition,
a few studies have been done analytically to predict the time evaluation of spread factor &(z)

(=D(t)/D) for drop impact onto a stationary surface [60-63].
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Figure 3.1: Overhead views of the water drop spreading over (a) stationary, and moving (b)

hydrophilic and (c) hydrophobic surfaces. Drop velocity is V,=1.43 m/s and surface velocities
are (a) V= 0 m/s, (b) Vi= 8.0 m/s, and (b) Vi= 8.0 m/s. White cross denotes the drop impact point
on the surface. Surface moves from right to left.

There are relations to describe spreading for a symmetric lamella (i.e. drop spreading on a
stationary surface). Previously, we found that when a drop impacts onto a moving surface, it
spreads asymmetrically (i.e. has an elongated outline in the direction of surface movement; see
Figures 3.1). This is also seen in the literature for drop impact onto inclined surface and other
similar systems [32-36], but there is no relation to describe or explain such asymmetric
spreading. Note that there are some conditions where drop splashes upon impact onto a moving
surface; but we are not concern with these conditions in this chapter. Spreading phase for the
drop impact onto a moving surface is defined, as the period from impact until reaching the

maximum width for the lamella (Wnmax, See Figure 3.1). The corresponding time to maximum
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width is defined as the tya.x. There are works in the literature and Chapter 2 of this thesis that
provides some qualitative initial ideas about spreading, but a comprehensive understanding of
how drop and surface velocities affect the lamella shape (both qualitatively and quantitatively) is
missing. And, how surface wettability and liquid viscosity change the lamella outline. Put
together, the question of how outline of the spreading liquid film evolve overtime for systems
with tangential velocity for a drop in not known. The answers to these questions are the basic
information to comprehensively understand how tangential velocity affects the spreading of the
drop upon impact onto a surface.

To answer the above questions, which comprehensively addresses objective 3 (stated in Chapter
1), here we provide novel hypotheses for the drop spreading behavior over moving surface
through an analogy with the Doppler Effect. Using the hypotheses, the effect of the normal and
tangential velocities and surface wettability will be discussed. The experimental observation will
be reported to verify our hypotheses. Finally, based on developed hypotheses, a model will be
developed to mathematically predict not only the maximum spreading of lamella, but also the

time evolution of the lamella. The model prediction is validated with the experimental data.

3.2 Methods

Surfaces: Two different surfaces (hydrophilic and hydrophobic) were used in the experiments. A
stainless steel surface with advancing and receding contact angles of 89+1° and 3442°,
respectively, was considered as a hydrophilic surface. To fabricate a hydrophobic surface, a
solution of FC-75 and Teflon (5:1 (v/v) FC-75, 3-M/Teflon AF, Dupont) was spray coated over
the cleaned (with DI water and acetone) stainless steel; where the advancing and receding

contact angles were measured to be 123+1°and 109+1°, respectively.
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Liquids: The glycerol/water mixtures with 0, 24, and 42 % glycerol (w/w) and the viscosities of
1.0, 2.0, and 4.1 mPa.s, respectively, were used as the working fluids [38,39]. The viscosity of
the liquids is considered in the range of w/p< 4 cSt which is referred to as a low viscous liquid in
the context of drop impact literature [16—18]. The surface tension and density of the liquids are
considered approximately the same, as for the highest concentration of glycerol, the surface
tension is decreased from 71.7 to 69.2 mN/m and density is increased from 998.2 to 1104.7
kg/m*[38,39].

Impact experiments: All of the experiments were performed at room temperature (20°C).

The experimental setup for the drop impact onto a moving surface is shown in Figure 3.2. Drops
with diameter of Dy=2.5+0.1 mm were generated from syringe-needle system. Wide range of
normal drop velocities from 0.5 to 3.4 m/s was studied. The tested surfaces were mounted on a
rotating large wheel with diameter of D=56.9 cm (see Figure 3.2). Linear velocities in the range
of 0 to 17 m/s were generated by rotating the wheel at various rotational velocities. The
rotational velocity of wheel was varied by changing the input voltage of a connected motor. The
deviation of the surface from horizon in the frame of study is found to be 0.53%, which confirms
that one can consider the target surface as flat one. The experiments were recorded by high speed
phantom cameras from both side and overhead, respectively, at frame rate of 5,000 and 10,000

fps.
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Figure 3.2: Experimental setup for drop impact onto a moving surface

3.3 Results

Drop spreading: Figure 3.2a to 3.2c shows the relative motion of the lamella with respect to the
surface for spreading of a drop over stationary and moving surfaces. Drop impact point on a
surface is considered as the reference point to observe the lamella behavior. Figures 3.2a to 3.2¢c
show the results in Figures 3.1a to 3.1c, respectively, but with reference to drop impact point.

In the case of drop impact onto a stationary surface (Figure 3.2a), drop spreads radially outwards
until it reaches the maximum diameter. The superposed outlines of the lamella at different times
(O<t<tnax) clearly shows the radially spreading of the drop (see Figure 3.2a). The diameter of the
circles is D(t) and drop impact point is at the center of all circles. One can take either drop
impact point or drop apex as a representative for the center point of outline of lamella; these two

points for the drop impact on a stationary surface are always overlapped (see Chapter 2).
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Mathematically, one can write the equation of propagation of the circles for spreading of drops
on a stationary surface as following (X-Y coordinate origin is located at drop impact point, see
Figure 3.2a):

y? +x? =r(t)? (3.1)
where r(t) (=D(t)/2) is the radius of the circles at time, t. The radius of the circles, depending on
impact, liquid, and surface parameters, differs and can be calculated through the existing models
in the literature [60-63]. However, due to the complexity of the existing correlations, here we
provide simple relations to calculate r(t) for both hydrophilic and hydrophobic surfaces as

following (see Appendix B for details):
1\ D
Hydrophilic E)/émax =1 —exp <a (t/Wet_Z> ) (3.2)

Hydrophobic E()/Emax = 1 — exp(ct?) (3.3)
where t(ms) is the given time, and a, b, c, and d are fitting coefficients. The values of the
coefficients are found to be a = —0.535, b = 0.850, ¢ = —1.352, and d = 0.815. The value of
&max Can be calculated through correlations from literature [30,40,53-59].

Upon drop impact onto a moving hydrophilic surface (Figure 3.2b), drop spreads in all directions
at the very initial time (O<t<<tma in Figure 3.2b) of impact (the presence of the lamella at the
downstream side of the impact point confirms this issue). Then, the lamella stops spreading in
one side of the drop (downstream in Figure 3.2b), while it continuous spreading at the other side
(upstream in Figure 3.2b) until the maximum width is reached. Note that the upstream and
downstream are defined for a given time; and the line of maximum width at any given time
defines the boundary between upstream and downstream along the lamella contact line. Arrest of
the lamella at downstream can be seen from superimposed outlines of lamella in Figure 3.2b (see
white lines).
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Using a surface with a lower wettability (i.e. hydrophobic, see Figure 3.2c), changes the behavior
of the lamella. The lamella starts recoiling at downstream (see superimposed outlines of lamella

in Figure 3.2c).

t<0.0
o<t<<t
ST 1 Downstreamr vUp;{r;ar.n
0<<t<t i F
t=tmax

10 mm

Figure 3.3: Overhead views of a water drop spreading (results from Figure 3.1) with respect to
impact point on the surface. Drop impacts on (a) stationary, and moving (b) hydrophilic, and (c)
hydrophobic surfaces. Drop velocity is V,=1.43 m/s and surface velocities are (a) Vi= 0 m/s, (b)
V= 8.0 m/s, and (c) V= 8.0 m/s. White cross denotes to the impact point on a surface, which are
aligned along the vertical dashed line. White lines show the superimposed outlines of lamella

from consecutive frames shown. Arrows show the lamella motion relative to the surface.

To sum up, in the case of drop spreading on a stationary surface, the lamella outline is

symmetric. However, drop spreads asymmetrically over a surface when the surface is moving
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(i.e. there is a tangential velocity). The question is can the circles for the drop spreading over
stationary surface be used to provide any insights for the outline of a spreading drop over a

moving surface? If yes, then how these circles arrange when surface is moving?

Hypothesis development: Doppler Effect describes how the arrangement of wave sound
changes from that of radially outward when wave source is moving relative to the medium; then
one can think of an analogy between drop lamella outline on a stationary surface and sound
source waves in the following way. Based on Doppler Effect, motion of the sound source relative
to the medium shifts the center of the each new wavefront with the relative motion velocity.
During such process the wavefront magnitude generation is not affected by the movement; in
other words, the motion only affects the location of center of each wavefront. As such, two
hypotheses can be made to describe how circles can be arranged (lamella outlines for drop
spreading on a stationary surface, Figure 3.2a) for when the surface is moving. First, the radius
of the circles (r(t) in Eg. 3.1) are not affected by the motion of the surface, i.e. for a given
condition and time the radius of each circle is the same for moving and that of a stationary
surface (similar to wave propagation). Second, center point of each circle moves with the surface
velocity (similar to Doppler Effect). Based on the developed hypotheses, the arrangement of
circles in the case of moving the surface is presented in Figure 3.3.

Using the hypotheses, the following will be the equation which predicts how the circles
propagate when surface is moving.

y2+ (x =V, x )2 = r(t)? (3.4)
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where V; X t is the displacement of the circles’ center point (which moves with the surface
velocity). And, r(t) is the radius of the circles at a given time which is the same as that of the

stationary surface (see first hypothesis).

(a) Stationary (b) Moving
r(t) r(t)

—

Vs

NTM -
Figure 3.4: (a) Schematic view of the drop lamella outlines on a stationary surface at different
times. X-Y coordinate origin is located at the drop impact point, see the grey +. (b) The circle
sequence arrangement based on the developed two hypotheses (Eq. 3.4); the circles from (a) are
displaced with the surface velocity but keeping the same radius. Colored crosses show the center

point of the displaced circles; each pair is highlighted with the same color.

Based on proposed relation for the propagation of the circles (i.e. Eg. 3.2), any changes in drop
velocity will result in a change for r(t). As it is understood, increase of the drop impact velocity
leads to an increase of the r(t) at a given time [60-63]. As such, Figure 3.4a shows schematically
circle sequences for various drop impact velocities (low, medium, and high) at the same surface
velocity. Increase of the drop normal velocity results in circles with higher radii, while
displacements of the circles are the same at a given time (e.g. consider first circle in each case).
Surface motion only affects the displacement of the circles the same as Doppler Effect
phenomena for wave front (see Eq. 3.4, where surface velocity changes the V; x t). Figure 3.4b

shows schematically the sequences of circles for various surface velocities at the same normal
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drop impact velocity. Increase of surface velocity leads to larger displacement of circles, while
the circles’ radii are the same at a given time (e.g. consider first or second circle in each case).
Taking together, drop normal velocity affects the radius of circles, while any changes in motion
of the surface relative to the drop (i.e. tangential velocity) results in changes in distance between
centers of two successive circles.

As discussed, during drop spreading over a moving surface the lamella can experience:
expansion, pinning, or recoiling (see Figure 3.2). The expansion of the lamella is related to an
increase in radius of the circles. For the case of pinning, one can think of circles remaining
frozen of the circles after propagation. Following this concept, the recoiling of the lamella can be
explained by shrinking of the circles after propagation. As such, Figure 3.4c and 3.4d show
schematically sequence of circles representing the outline of a drop spreading over moving
hydrophilic and hydrophobic surfaces, respectively. In the case of a hydrophilic surface, the
circles remain frozen, while new circles propagate at upstream. For a hydrophobic surface, the
circles shrink after propagation stops. Therefore, one can observe smaller circles at downstream

for hydrophobic case in comparison to that of hydrophilic one.
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Figure 3.5: Schematic view for (a) drop impact velocity effect, and (b) surface velocity effect on
how circles evolve over time. Black cross refers to the drop impact point (as the reference).
Colored crosses show the center point of the circles; each pair is highlighted with the same color.
(c) Shows schematically the arrangement of the circles over a hydrophilic surface, where the
circles remain frozen after propagation. (d) Shows the circle sequence over a hydrophobic
surface, the circles experiences recoiling after propagation over a hydrophobic surface.

Hypotheses verification: To evaluate the developed hypotheses, several experiments in wide
range of normal drop impact velocities and surface (or tangential) velocities were performed.
Drops of liquids with different viscosities and both hydrophilic and hydrophobic surfaces were
considered. Starting with the first hypothesis, i.e. the radius of the circles for moving surface (r(t)
in Eq. 3.4) is the same as that of stationary one, it was observed that the upstream of the lamella
has always a semicircle shape (Figure 3.5a). The radius of the circles of moving case is

compared with that of stationary one at a given impact condition in Figure 3.5b. Note that error
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bars (representing one standard deviation) are smaller than the symbol sizes in Figure 3.5, which
shows high repeatability of data. As it is apparent, at a given time the results are similar for both
stationary and moving surfaces. Note that for all of the tested liquids (low viscous liquids),
surfaces (both hydrophilic and hydrophobic), and surface velocities, we found the same
observation. As such, we can make a conclusion that the first hypothesis is supported by the
empirical data.

Next we test whether the circles are moving with the surface velocity or not (second hypothesis).
The experimental observations reveal that the apex point (see Figure 3.5a) of the drop always
moves with the surface velocity relative to the drop impact point on a surface (see Figure 3.5¢
and Chapter 2 as well). However, the question is whether the apex is the center of the circle
(outline of the lamella) or not? To verify, we consider the center point of the circle with respect
to the drop apex (Figure 3.5a). We realized that there is a very small shifting for the center
relative to the drop apex point (Figure 3.5a). The possible reason for shifting can be the shear
transfer from surface to liquid film. In the end, our second hypothesis is correct by adding a
shifting factor as following:

Xaisp = Ve xt—C (3.5)
where the value of the C (shifting factor) depends on drop impact, liquid, and surface parameters.
The value of the C is found to be very small and it is provided through empirical correlations in

the Appendix B.
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Figure 3.6: (a) Selected snapshots of drop impact (V,=1.43 m/s) onto a moving surface. White
cross refer to the drop impact point on a surface. Red cross shows the circle (lamella outline)
center point. Drop apex is denoted with a triangle. (b) Comparison of the lamella circular radius
with that of stationary one (V,=2.01 m/s). (c) The apex location relative to drop impact point for
various relative motion velocities; apex moves away from drop impact point with surface
velocity (V,=2.01 m/s).

Model development: Having verified the hypotheses, in following we develop a relation to
predict the circle sequence arrangement at a given time considering the circles behaviors after

propagation (Figure 3.4c and 3.4d):

yz + (x - Xdisp(t))2 = (r(t)_Vr(At))z 0<t< tgiven (3-6)
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where V. is the recoiling velocity for the lamella at the downstream and At is the time interval
which recoiling takes place. Note that V,.(At) factor indicates that how is the behavior of the
circles after propagation; whether the circles remain frozen (V;.(At) = 0) or shrink (V,.(At) # 0).

The recoil velocity for the liquid film can be expressed as [20]:

V= 2y(1 — cos O,e)/ph (3.7)
where h is the thickness of the liquid film. The thickness of the lamella can be calculated by
having the volume of the liquid film (i.e. how much of the drop is delivered to surface) divided
by the area which is covered by the liquid film (see below).

In addition, 8,... is the receding contact angle of the surface. The time which recoiling happens

can be calculated as following:

At = { 0 tgiven < (t + Atadv—n*ec) (3.8)

tgiven — (t + Ataavorec) tgiven > (t + Atgayrec)
where At,q,rec 1S the residence time that liquid-solid contact line remains pinned as the liquid
front stops spreading and starts to recoil. This time increases as the contact angle hysteresis
(CAH) increases [30]. Equation 3.8 means that there is recoiling, if tgipen > (t + Atgay—rec),
otherwise there is no recoiling for lamella (At will be equal to zero). For the hydrophobic surface
studied here, At g,-rec 1S considered to be zero as contact angle hysteresis is small
(CAH=14+1"). For the hydrophilic the recoiling is negligible (i.e. contact line seems pinned, see
Figure 3.2b). The reason is explained by high contact hysteresis and low receding angle. The
former leads to higher At (liquid spends more time to change angle from advancing for spreading
to start receding for of recoiling) and the latter leads to a very low recoiling velocity, i.e.

.(At) = 0 (in equation 3.6).
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Figure 3.6 schematically shows the sequence of lamella outlines (circles) that are drawn based on
Eq. 3.6 for drop impact onto a moving surface. As each circle is a snapshot in time, the outline of
the lamella over a moving surface will be the line which envelops all of the circles (i.e. the curve
which is tangent to all of the circles).

a b Tangent line

\

Vg Vg

H—1
Xaisp(t) — —
Figure 3.7: (a) Modeling of sequence of circles. Black cross refers to the drop impact point (as a
reference). Colored crosses show the center point of the circles; each pair is highlighted with the

same color. (b) Tangent line to circles’ sequence which envelops all of the circles.

Mathematically, the tangent to circles can be found by solving Eq. 3.6 and its derivative together

[64] (see Figure 3.6b):

d

217+ (r = Xaimp®) = (((O-%@O)’] (3.9)

The resultant solution is noted as: figngent (X, ¥).
Having the equation of the line which envelops all of the circles, one can calculate the area

which is covered by the liquid film at any given time as following:

A= thangent(x:y) (3.10)

As such, the thickness of the lamella (assuming being uniform) can be calculated knowing the

area (cf. Eq. 3.10); so to be used for calculation in Eqg. 3.7.
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Figure 3.7 shows the comparison between the model predictions and our experimental
observations for various conditions of drop spreading over a moving surface. As it is seen, our

model predicts the outline of the lamella very well.

0

&
Figure 3.8: Overhead view of drop spreading on a moving (a, b and c) hydrophilic and (d)

[—
5mm

hydrophobic surfaces. Drop and surface velocities and liquids are: (a) Vo= 0.7 m/s, Vs= 4.17 m/s,
and water; (b) Vo= 0.7 m/s, Vs= 3.69 m/s, and mixture 1; (c) V,= 2.01 m/s, Vs= 8.11 m/s, and
water; (d) V,= 2.01 m/s, Vs= 7.62 m/s, and water. The top of the each panel shows the

experimental results and bottom shows to the model prediction (circle series).

3.4 Discussion

It is common for the drop to impact onto a surface in a condition where the impact involves both
normal and tangential velocities. Although here we focused on effect of surface motion on drop
spreading, the tangential velocity also can be seen in other common systems including drop
impact onto an inclined surface or drop arriving at an angle onto a surface. These systems can be
seen in many applications from coating and spraying to inti-icing, where it is needed to have

controlled wetted area (i.e. minimum, desired, or maximum). Based on the findings in this
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Chapter, one is able to design a system with the knowledge of how the tangential velocity affects
drop spreading; and as a result, how much area is being wetted by a drop (both qualitatively and
quantitatively). For instance, it is revealed that higher normal velocity increases the width of the
lamella; and higher surface velocity increases the length of the wetted area. The viscosity plays a
role mainly in r(t) in equation 3.6. In addition, wettability of the surface changes the area which
is wetted by the surface; where there is lower wetted area for hydrophobic surfaces.

Our expectation is that this approach will help to have more understanding of common type of
the drop spreading on a surface, as drop does not necessarily impacts perpendicular onto surface
in reality. As such, systems with higher efficiency can be designed to get desired results in

applications.
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Chapter Four

Effect of viscosity on splashing behavior of a drop

Impacting onto a surface

4.1 Introduction

When drop impacts onto a stationary surface it either spreads or splashes [12-14]. Many studies
have been conducted experimentally and numerically to understand when a drop splashes upon
normal impact onto a surface; and what is the effect of various parameter on splashing [12—
14,16-19]. However, understanding the splashing behavior of the drop upon impact onto a
surface still remains one of the challenging areas in the context of the drop impact. Here, the role
of viscosity on splashing behavior of a drop upon impact onto a stationary surface will be
discussed.

Looking at literature, one can find that governing parameters for drop splashing are as follows:
the impact condition (i.e. normal drop velocity, and drop size) [12], liquid (i.e. density, viscosity,
and surface tension) [16,17], surface (i.e. roughness), and surrounding medium [19]. The
common model which brings the parameters together to predict splashing behavior is defined
based on the involving forces (i.e. involves inertia, viscous stress, and surface tension) in

splashing, as following [31,41]:

56



We,Re,* = K (4.1)
where K is a constant which depends on surface roughness. As such, most of the studies so far
have used this form and found the values of the a and K using best fitted curve to their data. In

the literature, different values are reported for o and K (see Table 4.1) [14,31].

Table 4.1: Exiting relations for drop splashing

Source Value of | v/ajue of K Range of Re number Increase of
a viscosity range Viscosity
Mundo et al. [17] 0.5 115.4 1-3.7 20-2,500 \)
Stow et al. [25] 0.45 f(roughness) 1 3,000-18,000 l
Bird et al. [26] 0.5 5700 1.2 1,400-5,000 l
Vander Wal et al. [16] -0.78 1.7 0.6-4.3 10-15,000 T
Xuetal. [19] — - 0.68-2.6 2,600-35,000 T
Palacios et al. [41] - - 0.65-17 200-20,000 T
Riboux et al. [42] — — 0.38-10 — —*

*this means for low viscous liquids no effect; for high viscous liquid, the splashing chance

increases.

However, this model (Eq. 4.1) is defined for normal atmospheric conditions, and does not cover
surrounding gas effect. As such, Xu et al. [19] examined surrounding air effect on splashing.
They found that reducing the surrounding air pressure suppresses the splashing. They proposed
that there are two factors which decide whether drop splashes or spreads: First, the force from
the surrounding gas on the lamella which makes the lamella to destabilize (Z); second, surface
tension force which keeps the lamella intact (£,). Based on this theory, a new relation for drop

splashing is provided as following:

(4.2)
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where c; and p are, respectively, the speed of the sound and density of the surrounding gas.

The drop splashes when ZG/ZL > 0.45.

Very recently, Riboux et al. [42] proposed a new theory for splashing which says that to have
splashing, two conditions need to be fulfilled simultaneously: First, the liquid of the lamella must
dewet the solid surface; and second, the lift force by the surrounding air on the edge of the
lamella, which needs to be large enough to avoid the liquid to contact the solid again. As such

they developed following model for drop splashing:

High Oh: /g < (ReOhy®/®)=5/4

4.3
Low Oh: /g OC(ReOhGS/S)—l (4.3)

where Oh; = uG/\/pITa, and ug is the visocity of the surrounding gas. In addition, R is the
radius of the impacting droplet.

It is clear that due to the complexity of the phenomena, one can find different theories about the
splashing of a drop upon impact onto a surface. Considering of the above models, the main
question which arises is what is the role of viscosity on splashing? Some models predict that
increase the viscosity promotes the splashing, while others predict the opposite trend (see the
trend of the viscosity in Table 4.1).

This issue is acknowledged for the first time by Xu et al. [19], where they observed non-
monotonic behavior for pressure threshold (the pressure above which the drop splashes) versus
liquid viscosity. As such, they categorized the liquids into two: low viscous liquids (u/p <
4¢St), and high viscous liquids (u/p = 4cSt). For the low viscous liquids, increase in viscosity
promotes the splashing; while for high viscous liquids increase in viscosity suppresses the
splashing. It is explained that for low viscous liquids increase in viscosity increase the film

thickness, which result in splashing. But for high viscous liquids, it is explained that increase in
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viscosity helps the liquid film to stabilize the spreading drop. With respect to this explanation,
still the reason for such non-monotonic is lacking, as the thickness of the lamella increases with
an increase in viscosity for high viscous liquids as well.

Recently, Palacious et al. [41] justified that the reason of the contradiction in literature is because
of viscosity range which have been studied by the literature. As such, they provided series of the
experiments on wide range of the liquid viscosity. The same observation (i.e. non-monotonic
effect of liquid velocity on splashing) is made by Palacios et al. [41]. They defined the Re=1,000
for the boundary of such behavior. Above Re=1,000, increase of the viscosity changes the
spreading to splashing, the same as low viscous liquids. Again, no physical explanation is
provided by the authors.

Considering mentioned points to comprehensively address the objective 5 (provided in Chapter
1), two main issues need to be addressed:

e First, what is the sufficient criterion to define the boundary between the low viscous and
high viscous liquids in drop splashing context? For example, if one uses liquids in the
viscosity range of u/p < 4cSt (which is defined as a low viscous liquid by Xu et al.), but
at high Reynolds number, i.e. Re<1,000 (which is defined as region which show opposite
behavior to low viscous liquids), then what will be the trend? As an example, see Mundo
et al. [17] and Vander Wal et al. [16] in Table 4.1, which predict opposite behaviors for
the same range.

Therefore, there is a need for a criterion which answers this question. This issue can be

addressed by understanding the role of viscosity on splashing.
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e Second, as the main scope of this chapter, what is the reason of such non-monotonic
behavior? This will help with the understanding of drop splashing phenomena as well as
providing more comprehensive theory.

To address these issues, here we will provide experimental study of drop impact onto a surface at
the wide range of liquid viscosity. Then, for the first time, the reason of such non-monotonic
behavior of the viscosity will be explained in details. Finally, our suggestion for developing a

criterion to categorize the liquids will be presented.

4.2 Methods

The experimental setup, used for this study, includes target surface, syringe, high speed camera.
The syringe was placed at different heights above the target surface to generate drops with
different velocities. A stainless steel surface was considered as a target surface. The target
surface has advancing and receding contact angles approximately 89° and 34°, respectively. The
high speed Phantom camera was used to record the experiments at at frame rate 10,000 fps.

The glycerol/water mixtures were used as the working fluids. The wide range of liquid viscosity
(1-188 cSt) is considered. For the highest concentration of glycerol, the surface tension is
decreased from 71.7 to 65.2 mN/m (9%) and density is increased from 998.2 to 1238.1 kg/m®
(24%) [38,39]; As such, considering the changes in liquid viscosity, the surface tension and

density of the liquids are considered approximately the same.
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4.3 Results and discussion

Figure 4.1 shows our experimental data of drop impact onto a stationary surface for various
liquid viscosities. As it is seen, at the same drop velocity (say V,=3 m/s), increase in the viscosity
(up to = 5 Sct) changes the behavior of the drop from spreading to splashing; more increase in
viscosity (higher than 5 Sct) results spreading again. This shows the non-monotonic behavior of

the drop splashing with changes in liquid viscosity.

4 i ©Spreading  ®Splashing
Zaslom x= o 00 o
- | o x z 0o ¢
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o
32.5 | 900 o © o0 4
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© .
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0 5 10 15 20

Liquid viscosity (cSt)

Figure 4.1: Outcomes of drops of liquids with different viscosities impact onto a surface

Why this monotonic behavior is happening? To answer, one needs to understand what will
change in drop impact process if one increases the viscosity of the liquid. Figure 4.2 shows the
results of drops of liquids with different viscous impact onto a surface at spreading condition.
Note that here we look at drop impact process on spreading phase, and we will expand our
understanding to splashing. An increase in viscosity has two main effects: (1) the thickness of the

lamella increases (see Figure 4.2, where h,>h;; this has been confirmed in literature as well), the
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higher thickness experiences more lift force by the surrounding air on the edge of the lamella
which is one of the main reasons for occurrence of splashing; (2) lamella spreading velocity
decreases (see the length of the spreading diameter at a given time for different viscosity in
Figure 4.2; for instance at the same given time D,<D;). As such, the lift force by the surrounding
air on the edge of the lamella decreases. All in all, increase of the liquid viscosity, from one side
promotes splashing; from other side suppress the splashing. As such, the output depends on
whether the promoting or suppressing factor is dominance.

Based on the provided explanation, the determining factor to categorize the liquids should be as a
function of the lamella thickness and lamella velocity. This can be done by experimentally
measuring the thickness and lamella velocity for different drop velocities as well as liquids with
different viscosities.

Note that developing a criterion is not the focus of this chapter. Our main goal was to understand

the non-monotonic trend of splashing with an increase in liquid viscosity.
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Figure 4.2: Drops (Do=2.5 mm) of liquids with different viscosities impact onto a surface.
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Chapter Five

Conclusion and future Works

Here, the conclusion of the thesis will be provided. In addition, the potential work for the future

with the knowledge has got in this thesis will be provided.

5.1 Conclusions

For objectives 1, 2, and 4 (stated in Chapter 1), we performed a systematic experimental study to
understand drop impact onto moving hydrophilic and hydrophobic surfaces. Liquids of various
viscosities were used. Two main stages of the lamella development are defined for drop impact
onto a moving surface: lamella extension stage (t<tmax) and lamella retraction stage (t>tmax). At
lamella extension stage, it was found that drop spreads asymmetrically (i.e. elongated outline)
over the moving surface. The mechanism of such asymmetric spreading (i.e. expanding, pinning,
and recoiling process) was discussed in details. It was found that wettability of the surface
significantly affects the downstream behavior of the lamella. It was also found that drop splashes
azimuthally asymmetrically over the moving surface. Splashing probability is the highest at
@ = 0° and lowest at = 180° ; and it gradually decreases along the lamella contact line from
point with ¢ = 0° to ¢ = 180°. A new model was developed to describe such azimuthally
asymmetric behavior of the splashing which is a function of We,, Re,, V,, Vi, and of the surface
wettability. For hydrophobic surface, a larger portion of the lamella lifts off the surface in

comparison to the hydrophilic surfaces. In addition, it was experimentally found that an increase
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of liquid viscosity decreases the splashing threshold. Finally, comprehensive regime maps for the
outcomes of the drop impacting onto a moving surface were provided for both lamella extension
and retraction stages.

For objective 3, we studied how the parameters of drop and surface velocities, surface
wettability, and liquid viscosity affect the spreading behavior of a drop upon impact onto a
moving surface. A model was developed to mathematically predict not only the maximum
spreading of lamella, but also time evolution of the lamella.

Although here we focused on effect of surface motion on drop spreading, the tangential velocity
also can be seen in other common systems including drop impact onto an inclined surface or
drop arriving at an angle onto a surface. These systems can be seen in many applications from
coating and spraying to anti-icing, where it is needed to have controlled wetted area (i.e.
minimum, desired, or maximum). Based on the findings in this thesis, one is able to design a
system with the knowledge of how the tangential velocity affects drop spreading; and as a result,
how much area is being wetted by a drop (both qualitatively and quantitatively). For instance, it
is revealed that higher normal velocity increases the width of the lamella; and higher surface
velocity increases the length of the wetted area. The viscosity plays a role mainly in r(t) in
equation 3.6. In addition, wettability of the surface changes the area which is wetted by the

surface; where there is lower wetted area for hydrophobic surfaces.

5.2 Possible future studies

In this thesis, we provide an experimental study of drop impact onto a moving surface. Based the
insights gained this study, some further works are raised. These works can help with the further

understanding of the drop impact onto a surface.
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Studying numerically drop impact onto a moving surface is suggested as a first potential work.
This study will help to understand the velocity field inside liquid film of the drop over the
surface. As a result, one can understand how the drop feeds the surface while it stays fixed at
drop impact point. In addition, to what extent of lamella thickness the surface motion influences
the lamella. The shifting factor (discussed in Chapter 4) can be understood. Furthermore, the
dewetting process of the lamella at downstream (see Chapter 3 and 4) can be studied in more
details. This study can be done using the FLUENT software. The first suggestion for this work
will be studying and understanding numerically the system of normal drop impact onto a surface,
as there are many complex issues in this work itself. Having validated system (numerical
solution) for normal drop impact onto a stationary surface, the system can be modified to drop
impact onto a moving surface.

Understanding how a drop impacts onto a moving surface for high viscous liquids is also
practically important. For high viscous liquids, the shifting factor (discussed in Chapter 4) will
be different from that of low viscous liquids. We believe that the Doppler Effect can again be
very helpful in formulating the spreading of high viscous liquids. We think that, for high viscous
liquids, the supersonic form of Doppler Effect (where the source is moving in front head of the
wave fronts) will be helpful, as it is expected that upon the drop impact onto a moving surface
drop will be at upstream point of the lamella for high viscous liquids. In other words, once the
liquid is being delivered over the surface, it is being transferred with the surface velocity.
Understanding whether there is difference between the systems of the drop impact on inclined
surface and drop impact onto a moving surface can be other potential work. For both systems,
the impact involves both normal and tangential velocities. However, in the case of drop impact

onto a moving surface, drop has only normal component of the velocity and momentum transfers
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from the surface to the liquid in tangential direction. On the other side, for the case of drop
impact onto an inclined surface, drop has both normal and tangential component of the velocity.
As such, the momentum transfer process is different from that of moving surface. The
suggestions for designing of the experimental setup for this purpose are as follow: First, studying
drop impact onto a moving surface and drop impact onto an inclined surface at two different
systems and compare the results. Second, studying the drop impact onto a moving surface, where
the surface is inclined in the perpendicular direction to the surface motion. Having the surface
velocity equal to tangential velocity from inclination (which is calculated from inclined surface
structure), if the systems of momentum transfer is same, one should expect to have symmetric
behavior with respect to the bisector of two tangential direction. This work can really help to link
all of the studies from drop impact onto moving surface, to oblique drop impact onto a surface
and drop impact onto an inclined surface, and provide a comprehensive study in the area of drop
impact. As such, for start one can think of low viscous liquids as working liquids, as most of the
studies so far have been done with low viscous liquids.

Studying in more details the effect of liquid viscosity on splashing is one of the important issues
in this area. This will provide insights on how drop splashes upon impact onto a surface, as this
topic is not understood comprehensively yet. The different sets of the experiments with liquids
with the same surface tension and density, but different viscosities are suggested. Wide range of
the liquid viscosity can help to ensure all of the possible behaviors are captured. Our other
suggestion will be studying not only the splashing behavior, but also spreading behavior of
different liquid viscosities. Understanding the spreading can help with how the lamella thickness
and lamella spreading velocity change with change in liquid viscosity. This information is of

importance in determining drop splashing.
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Although here we studied the effect of the wettability, but it is required to conduct a study to
understand how surfaces with extreme wettabilities (like superhydrophobic or superhysrophilic
surfaces) affect the drop impact behavior on a moving surface. Understanding drop impact
behavior over superhydrophobic surfaces can provided helpful information for applications

where it is desired to have minimum drop and surface interaction time like in icing [10, 48, 50].
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Appendix A

Supporting Information for Chapter 2

A.1 Surfaces roughness details

Figure A.1 shows the profiles of the surfaces used in this study. The values of the surface

descriptors are provided in Table A.1.

Figure A.1: Surface profielometery of the (a) stainless steel, and (b) Teflon coated stainless steel.

76



Table A.1: Surface descriptor values for stainless steel,

Surface parameters

Arithmetical mean height of the surface (Sa)
Root mean square height of the surface (Sq)
Maximum height of peaks (Sp)

Maximum height of valleys (Sv)

Skewness of height distribution (Ssk)

Kurtosis of height distribution (Sku)
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and Teflon coated stainless steel.

Teflon coated
Stainless steel

stainless steel

531 nm 88+15 nm
69+4 nm 112420 nm
232+45 nm 350+21 nm
354+109 nm 556+102 nm
103+486 -527+287
37364753 35204383



A.2 Moving surface

The assumption that the target surface is flat is justified in two ways:
First, the deviation of the surface in the frame of study is calculated using the following approach

(see Figure A.2):
8
Deviation % = < x 100 (A.1)

where § is the deviation of the surface from horizontal line in the frame of study (i.e. X, see
Figure A.2). To calculate the largest possible deviation, the X is considered to be the largest
spreading diameter measured for the range of drop velocity tested in the current work. The X was
measured to be 12.06 mm. The & is calculated using following trigonometry calculation (see
Figure A.2):

R% = (R — 6)% + (X/2)? (A.2)
where R is the radius of the wheel (R = 284.5 mm). Using equations A.1 and A.2, the deviation

percentage is found to be 0.53%, which confirms that one can consider the target surface as flat.

Figure A.2: Schematic view of the wheel used in this study. Zoomed view in the inset shows the

deviation of the surface from horizontal line in the frame of study.
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The second approach to support the assumption that the target surface is flat is as follows. As it
is apparent from the experimental setup configuration (see Figures 2.2 and A.2), the surface has a
curvature only in one direction, i.e. ry(t) direction in Figure A.3; there is no curvature in the
direction that is perpendicular to ry(t). The perpendicular direction to r(t) is defined as r»(t) (see
Figure A.3). As such, for a given condition, the spreading radius of the drop on stationary
condition are measured in both ry(t) and ry(t) directions (see Figure A.3). The results for both
hydrophilic and hydrophobic surfaces, and various drop velocities ranging from 0.5 to 3.4 m/s
are shown in Figure S3. The results reveal that r(t) is equal to r(t) for all of the conditions; this
means that the drop spreads symmetric over the surface same as that of perfectly flat surface in

literature [12—14]. In other words, there is no curvature effect on drop spreading.

1
Side
view
N\

N\

L
Overhead
view

- s ® Hydrophilic
, © Hydrophobic

0 [T N N A TN I N N NN MO A B

0 2 4 6
ry(t)

Figure A.3: Comparison of spreading radius measured in two perpendicular directions, i.e. r(t)

and r,(t); where surface has curvature only in ry(t) direction. Dashed line refers to conditions

where ry(t) is equal to ry(t).
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A.3 Drop impact process

Figure A.4 shows experimental results of a drop impacting onto moving hydrophilic and
hydrophobic surfaces. To check the vertical movement of drop bulk, the highest surface velocity
(Vs=17 m/s) and liquid viscosity (mixture 2) are considered as the extreme conditions; these
conditions can have the highest possible momentum transfer from the surface to liquid. The
results are provided for both highest (Vo= 3.4 m/s) and lowest drop (V,=0.5 m/s) velocities
considered in this study. As it is seen, the bulk of the drop moves only in vertical direction
during impact process, which confirms that the vertical movement of drop bulk is true for all of

the systems in this study.

a b C d

t=0.0 ms t=0.0 ms t=0.0 ms t=0.0 ms

e Bl e R

t=0.4 ms t=0.2 ms t=0.4 ms t=0.2 ms

t=0.8 ms t=0.4 ms t=0.8 ms t=0.4 ms

0 . £ e

t=1.2 ms t=0.6 ms t=1.2 ms t=0.6 ms

g .

t=1.6 ms t=0.8 ms t=1.6 ms t=0.8 ms

G Surface movement
Figure A.4: Side view of the drop impact on moving (a and b) hydrophilic, and (c and d)
hydrophobic surfaces. Surface velocity is Vs=17.0 m/s and drop (mixture 2) velocities are (a and
¢) Vo= 0.5 m/s, and (b and d) V,= 3.4 m/s. Vertical dashed line shows the drop apex point; apex

only moves in the vertical direction. Surface moves from right to left.
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A.4 Curve fitting

The experimental results which are used to determine the values of the coefficients in Eg. 2.10
are shown in Figure A.5 (symbols *). Each * symbol refers to a condition where the drop

splashes azimuthally asymmetrically over the surface. The extent of the splashing (i.e. ¢ value)

is different for each drop impact condition.

Both sides splashing

Both sides spreading

R 3
* ¥ ¥ ¥ *-1*(-*****
*

£ % Frxfse F_*F** * %

£ 3

g Spreading-splashing
T 8 * * Fox e F o F*
Y Ko granigd F550k
e ' %*ﬁg* *ffé‘****** * x¥ *
g ¥ R % PN FAN L AL L N A
- N T Ko ¥k k% ¥ % K
Q© (n"‘ POERRE R £k G

0.5
eg
0

Both sides spreading

1

Ko(V/V,)We, 13

Both sides splashing

Spreading-splashing

QO Spreading
O Asymetric spreading

¥z Corona > Prompt
& Asymetric corona §/ Prompt-corona

% Spreading-prompt

¥ Spreading-corona

Figure A.5: Experimental data of drop impact onto moving hydrophilic and hydrophobic
surfaces (symbols). The model predication (Eg. 2.10) for ¢ = 0° and 180° are shown with solid
lines. The line delineate spreading and splashing zones for ¢ = 0° and 180°. Within the

spreading-splashing regime, depending on drop impact condition, the splashing happens with

different ¢ values.
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Figure A.6 presents the experimental data of ¢ versus the values predicted by the developed
model (Eg. 2.10). Each symbol corresponds to certain drop impact condition. The value of ¢
corresponding to each drop impact condition is experimentally measured (x axis in Figure A.6)
and compared with the predication by Eq. 2.10 (y axis in Figure A.6). Various drop impact
conditions, i.e. different drop and surface velocities, liquid viscosities, and surface wettabilities,

are considered in Figure A.6. As it is shown, there is a good agreement between experimental

data and the model prediction.
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[ ] P
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30 | 4
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0 |||||||||| | I T .| 1

(pexperiments
Figure A.6: Comparison of the measured ¢ for drop splashing with the modelling prediction (i.e.

Eq. 2.10). Solid line refers to conditions where experimental data are equal to model prediction
(0% deviation).
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Appendix B

Supporting Information for Chapter 3

B.1 Drop spreading over a stationary surface (&)

Hydrophilic surface. Figure B.1 shows time evolution of spreading factor &) (=D(t)/D) for
drop impact onto a stationary hydrophilic surface. Here, the spread factor is non-dimensionalized
using maximum spread factor &nax (=Dmax/Do) and drop characteristic times is scaled using We™*

[20,30]. As such, results of various drop impact conditions (i.e. various normal drop velocities

and liquids), collapse onto a single curve.
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Figure B.1: Time evolution of spreading factor &(z) (=D(t)/D) for drop impact onto a stationary

hydrophilic surface at various conditions of drop impact, i.e. different normal drop velocities and

liquids of various viscosities. Time is in ms.

Having a single curve for all of the conditions that drop spreads over a hydrophilic surface, one
can find a relation for spreading factor. As such, we consider two issues: first, the fitted curve
should predict zero for the time equal to zero; and second the relation should predict the value of
one for when &)= &nax. Considering these points, the following can be written for the

hydrophilic surfaces.

N
E(t)/Emax = 1 — exp (a (e/we, ) ) B.1)

We fit the data to Eq. B.1 using the toolbox cftool in MATLAB; the fitting values were
SSE=0.088 and R?*=0.974 which show suitable fitting process. The comparison of the
experimental data versus the data from empirical correlation (B.1) is presented in Figure B.2.

The result reveals the agreement between experimental data and the fitted correlation.
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Figure B.2: Comparison of the measured &) for drop spreading over a hydrophilic surface with

the prediction from Eq. B.1. Solid line refers to conditions where experimental data are equal to

model prediction (0% deviation).

Hydrophobic surface. Same as the hydrophilic surface, the normalized data for the hydrophobic
surface is presented in Figure B.3. However, for hydrophobic surfaces, all curves collapse onto a
single curve without normalizing with a characteristic time [30]. As such, considering the same
points in developing a model for hydrophilic surfaces, the following relation for hydrophobic
surface to predict &) can be written:

§(6)/$max = 1 — exp(ct?) (B.2)
The fitting values are found to be SSE=0.157 and R®=0.966. Figure B.4 show results of the
experimental data versus the data from empirical correlation (B.2), where there is a good

agreement between experimental data and fitted correlation.
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Figure B.3: Time evolution of spreading factor &(z) (=D(t)/D) for drop impact onto a stationary
hydrophobic surface for different normal drop velocities and liquids of various viscosities.
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Figure B.4: Measured &) for drop spreading over a hydrophobic surface versus prediction from

Eg. B.2. Solid line shows the conditions where experimental data are equal to model prediction
(0% deviation).

86



B.2 Shifting factor (C)

Here we provide an empirical correlation to predict shifting factor for various conditions of the
drop impact. Based on our observations, we find that the shifting factor depends on the following
variables (see Figure B.5):

C=ftVoVer) (B.3)
Note that for both hydrophilic and hydrophobic surfaces we observed the similar behavior for
shifting; i.e. wettability does not have a significant effect on shifting (see Figure B.5a). This is
true for all of the experimental results for all liquids.

Having the dependent variables of shifting, the question is what function links dependent
variables to the shifting factor? To answer, we treated each variable separately. As such, Figure
B.5a to B.5d show how shifting changes with ¢, V;,, V;, and u, respectively. Note that in each of
the plots in Figure B.5, only one variable is changed and the others were kept constant. As it can
be seen, shifting has a power relation with the all of dependent variables (C = p(variable)1,
where p and g are constants). Considering the trends of the results in Figure S5, one can expect
to have g > 1 for Figure B.5a (C versus t), g < 1 for Figures B.5¢ (C versus V) and B.5d (C
versus u), and g = 1 for Figure B.5d (C versus V,,). All in all, we consider the following form for
shifting:

C = at®V,°v, u® (B.4)
where a to e are the fitting coefficients. Using the toolbox Regression in SPSS software; the
values of the coefficients are found to be a = 0.049, b = 1.382, ¢ = 1.014, d = 0.701, and
e = 0.184; where u is in mPa.s, time is in ms, and C is in mm. The coefficients values are in line

with our expected values for g. The fitting values are SSE=1.161 and R?=0.967 which show
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suitable fitting process. Figure B.6 also shows agreement between experimental data and fitted

correlation (Eq. B.4).
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Figure B.5: Shifting factor versus (a) time, (b) normal drop velocity, (c) surface velocity, and (d)
liquid viscosity. Drop impact conditions are: (a) V,=2.01 m/s (b) Vs=6.0 m/s (c) V,=2.01 m/s (d)
Vh=0.7 m/s.
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Figure B.6: Measured C for drop spreading versus empirical correlation prediction (Eg. B.4).
Solid line shows the conditions where experimental data are equal to model prediction (0%

deviation).
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