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Abstract

This thesis has made progress in two different areas related to drop impact onto a surface.
Firstly, a systematic experimental study has been performed to understand asymmetric
spreading of low and high surface tension liquids on a moving surface. A new time
evolution model for droplet spreading on a moving surface was developed. This model
regardless the value of surface tension of the liquid can predict the spreading of low
viscous (1-4cSt) liquids on a moving surface. Secondly, liquids with viscosity (1-5cSt)
and surface tension (17.4-72.8mNm) were used to study the drop impact on moving and
inclined surface. Experiments performed with similar normal (0.9-2.9m/s) and tangential
(0.8-2.9m/s) velocities on both surfaces to test our hypothesis that spreading/splashing
for these two surface conditions should be same. Results indicates that our hypothesis is
true, except for some special conditions when, normal and tangential velocities are

greater than the range of our analysis.



Acknowledgement

| would like to acknowledge and thank the following important people who have supported

me throughout my Master’s degree.

Firstly, I would like to express my gratitude to my supervisor Prof. Alidad Amirfazli, for his

helpful guidance and support for past 2 years and replying to my numerous emails.

| would also like to thank Prof. Marco Marengo for his guidance during his visit at York
University. In addition, | am grateful to Mr. Hamed Almohammadi for allowing me to use

his data and helping me in writing technical discussion.

Finally, | would like to thank my family especially my parent Salina Begum and Imam

Buksh for their love and support.



Table of Contents

ADSIIACT. ...ttt n e e n e n e nnne Ii
ACKNOWIEAGEIMENT. ...ttt s e nn e nnnnnne iii
Table Of CONLENES. .. ..ottt nnnnnnnnnes v
LISt Of TADIES .o vi
IS o o U =S Vi
104 0 =To) (= it LTSRN 1
Tt Te [FTot i o] o WP PO PP PP TP PPPPPPPPRRPPPN 1
= Tod (o | £ 11 o S 1
1.2 ODbjectiVe Of thisS thESIS.......ii i e e e e e e e e eaaaaes 7
1.3 TNESIS OULIINE ...ttt 8
1.3.1 DireCt CONIIDULION ....coviiiiiiiiieieieeeeee e 9
AP BT .. e 10
Spreading of low viscous liquids on a stationary and moving surface............ccccoeeeeieiiieeeeeeeeenn 10
2.1 INTTOTUCTION. ...ttt ettt et e e e e e et e et e e e e e e st e e e e e e e e e e aaens 10
2.2 Theoretical background for high surface tension liquids and moving surfaces................. 15
2.3 Methods and MALETIAIS .........ccoiiiiiiii e 17
2.4 EXPEIMENTAl FESUILS ... e e e e e r e e e e e e e araa s 20
2.4.1 Effect of impact and surface velocities on droplet spreading ...........cccceeevieerviiiiiinnnnn.. 24

(07 0F= T 0] (] g PP PP P PP PP P PP PPPPPTPRTRPPPTRTRRIN 33
Impacting of droplets on moving surface and inclined Surfaces............cccccvvvvvviiiiiiieiiiieiieieeenn, 33
I A [ a1 (oo [ B Tox i [0 o PO PP P PP PP P PP PP PPPPPPPPPRRTPPIN 33
3.2. Methodology and experimental SETUD ..........ouvviiiiiiiiiiiiiiiiiiie e 37
3.8  RESUILS ... e e e e e s 39
T 70 ] o1 (== o [ o S 40

TR T2 o] =T 11 T RSP 46



R I =TT A o] 0 1oY=] V7= 1[0 o TR 50

P BT 4 ... 54
CoNCIUSION AN FULUIE WOTKS ... e e e e e e e e e e e e aaeeas 54
4.1 CONCIUSIONS ...ttt ettt e e e e e et e e e e e e e s e e e e e eeeeas 54
4.2 POSSIDIE FULUINE WOTK ...ttt e e e 55
2T o] [ToT | =T o] 0|28 56
A.1 Downstream region moving with surface VEIOCItY ............coouiiiiiiiiiiiiice e, 61
A.2 Stretching of [amMElIa............ s 62
A.3 SErEtCRING FACLOIS (8) ...vvvvveeniiiiiiii e e e e e e e e e e e e e e e e e aaeeeeas 62
F N TV To 11 g I £=Tox (o g () R PP 63
A5 SHIftING FACTON (C) ... e e e e e e e e e e e e e e e e e ee s 64
APPENIX B ..o 66
= 0 USRI 66
B2. AZIMULhAl SPIASK ... oo e 67
Y o] 0 1= o 1 R 68
C1. Measurement Of ArOPIEL SIZE .......cii i e e i e 68
C 2. Measurement Of VEIOCILY .........ovuiiiiiiiiiiiiiiiiiiee et 69
C 3. CONACE ANQGIE......coiieeiiiee ettt 69



List of Tables

Table 2.1 Impact conditions and physical properties for test liquids .............ccovvvviiiiiiiii e,

Table 3.1 Properties of liquids used, range of velocities studied and the wettability of surface

with test liquids

Table B. 1: Azimuthal splashing angles for silicone oils on inclined and moving surface............

Vi



List of Figures

Figure 1.1 Outcomes of droplets on surface (a) droplet deposition; (b) Prompt splash; (c) Corona
splash; (d) Receding break up; (e) partial rebound and (f) Complete rebound Reprinted from
[Marengo M, Antonini C, Roisman IV, Tropea C. Drop collisions with simple and complex surfaces.
Curr Opin Colloid Interface Sci. 2011 Aug;16(4):292—-302.] Copyright (2011), with permission from
RS =) ISP 3
Figure 1.2 Spreading of (a) ethanol (low surface tension); (b) water (high surface tension) droplet
on a stationary surface Vn= 0.5 m/s. Reprinted with permission from [Lee JB, Derome D, Guyer
R, Carmeliet J. Modeling the Maximum Spreading of Liquid Droplets Impacting Wetting and
Nonwetting Surfaces. Langmuir. 2016 Feb 9;32(5):1299-308]. Copyright (2016) American
(O 1T o g 1ot IR0 Tox = 3T 4
Figure 1.3 Schematic of droplet impacting on (a) inclined and (b) moving surface. .................... 5
Figure 2.1 (a) Time evolution of the diameter of the lamella for impacting water, ethanol, and
silicone oil (1cSt) droplets (Vn =1.6 m/s and Do= 2.5 mm) onto a stationary hydrophilic (stainless
steel) surface up to the maximum spreading. The dashed line denotes the tma; (b) The
nondimensionalized spreading factor for low and high surface tension liquids plotted against the
scaled time on a stationary hydrophilic (stainless steel) surface. The impact conditions are:
Unfilled square: ethanol, Do= 2.7 mm, and V,= 1.6 m/s; Unfilled circle: silicone oil (1¢cSt), Do= 2.5
mm, and Vy,= 1.2 m/s; filled triangle: water, Do= 2mm, and V,= 1m/s; filled square: ethanol, Do=
1.8 mm, and V= 1m/s; unfilled triangle: water, Do= 2.5 mm, and V,= 3.4 m/s; positive: 2 cSt
glycerol-water (2 cSt), Do= 2.5 mm, and V.= 2.5 m/s; cross: glycerol-water (4 cSt), Do= 2.5 mm,
and V,= 2 m/s. The data shown with filled triangle and filled square are taken from Lee et al.(32)
and unfilled triangle, positive, and cross are showing data from Almohammadi and Amirfazli'’. In
both references the studies surface is stainless Steel. ..., 11
Figure 2.2 The maximum spreading of water and silicone oil droplets on a moving surface. Drop
velocity, Vn = 1.20 m/s and surface velocity, Vs = 1.50 m/s, Do= 2.5 MM.......ccccceiiiiiinrriiinnnnnnn.. 14
Figure 2.3 Time evolution for spreading of water droplet (Vo= 1.20 m/s and Vs= 1.50 m/s) on a
moving surface; (a) side view images of a water droplet on a stainless steel (hydrophilic) moving
surface, white cross refers to drop impact position, solid blue line refers to the drop falling path;
(b) overhead view of water droplet; (c) time evolution of water droplet (up to tmax) and the model
predictions(43) for V, = 1.20 m/s and Vs = 1.50 m/s, the colored circles represents droplets at
different time intervals where 0.5 ms (aqua), 1.5 ms (red), 2.0 ms (purple) and 3.0 (blue) ........ 16

Figure 2.4 Schematic of the experimental setup for moving surfaces...........ccccccceevvieviriiiiiinnnnnn. 19

Vii



Figure 2.5 (a) Side and overhead view images for spreading of 1cSt viscosity silicone oil droplet
(Do=2.5 mm and V,= 1.2 m/s) on a moving surface (Vs = 2.2 m/s). The blue cross denotes the
impact point. The red dashed line represents the drop apex and the blue dashed line represents
the position of maximum width. The solid yellow circle on the last row represents the shifting of
maximum width on the surface. (b) Apex velocity with respect to time for Vo= 1.20 m/s at Vs =
1.00 m/s and 2.90 m/s. (c) The stretching of lamella in the direction of motion a(t) normalized by
r(t) for a stationary surface, at different time intervals, for V,=1.0 m/s; and (d) Width-factor of
lamella perpendicular to the direction of motion b(t), normalized by r(t) for a stationary surface, at
different time intervals, for droplet impact conditions V,=1.0 m/s and four different surface
velocities, Vs=1.0 m/s (diamond), 1.5 m/s (cross), 2.2 m/s (square) and 2.9 m/s (triangle)........ 23
Figure 2.6 (a) Wmax (solid), and (b) Length (unfilled) of the lamella at tmax for Silicone oil (1 cSt)
droplet (Do= 2.5 mm) at different normal velocities: 1.0 m/s-1.7 m/s, and surface velocities 1.0 m/s
(diamond), 1.5 m/s (circle), 2.2 m/s (square), and 2.9 m/s (triangle). (c) normalized width plotted
against time for V,= 1.2 m/s for stationary surface and with different surface velocities. (d) tmax for
different normal and SUMace VEIOCITIES. ... 25
Figure 2.7 The nondimensionalised spreading factor of low and high surface tension liquids

plotted against the scaled time fitted with new empirical model. The Eq. 3 represents the data well

Figure 2.8 Spreading of (a) ethanol droplet with Do =2.7 mm; (b) silicone oil (1 ¢cSt) with Dg=2.5
mm droplets at different time interval on a moving surface: V, = 1.50 m/s and Vs = 2.20 m/s.
Different coloured contours represent spreading of droplet at different time interval; and a white
enveloping line over all the circles/ellipses shows the lamella shape.. ........cccoooeeeeiiiiiiiiinnen, 29
Figure 2.9 Applying the spreading model equation 5 for low surface tension liquids (a) silicone oil
Vh=1.50 m/s Vs =1.00 m/s, (b) silicone oil V,= 1.00 m/s Vs =2.90 m/s; (c) ethanol V, =1.50 m/s

AN Vs T2.20 M/ S, e e 31
Figure 2.10 Spreading model applied on water droplets spreading on a moving surface Do= 2.5
MM V= 1.20 M/S @NA Vs ZL1.50 IM/S...uiiiiiiiiiiiiiiiii e 32

Figure 3.1 Showing the schematic and images of droplet spreading on a moving and inclined
U] =101 TP PPPPPPPI 35
Figure 3.2 Different splashes seen on a moving surfaces (a) Azimuthal splashing Vh,= 2.90 m/s
V= 14.9 m/s; (b) All round splashing Vy= 3.2 m/s V= 1.5 m/s. The white cross refers to the point
of impact, and ¢ represents the azimuthal splashing angle. Reprinted with permission from

[AImohammadi, H. & Amirfazli, A. Understanding the drop impact on moving hydrophilic and

viii



hydrophobic surfaces. Soft Matter 13, 2040-2053 (2017).]. Copyright (2017) Royal Society of
(O 1T 0 1] 1 7 36
Figure 3.3 Schematic of the experimental setup for moving and inclined surfaces.................... 38
Figure 3.4 showing the spreading of liquids on moving and inclined surfaces at different time
intervals on a hydrophilic surface (a) Water Do=2.5 mm V,=1.67 m/s V= 2.0 m/s; (b) silicone oll
(1 cSt) Do=2.5 mm V,=1.22 m/s V= 1.52 m/s; (c) silicone oil (5 cSt) Do=2.6 mm V,=0.38 m/s V=
0.81 m/s and (d) 40% Glycerol water Do=2.5 mm V,=1.23 m/SVi= 216 M/S. ...cccoevieieieieiieeen. 42
Figure 3.5 Showing the (a) average width; (b) average length on inclined (triangle) and moving
surfaces (circle). Water Do= 2.5 mm V= 1.35 m/s V= 2.90 m/s (Black), 40% glycerin-water Do=
2.6 mm V= 1.25 m/s V= 2.15 m/s (Yellow), Silicone oil (1 cSt) Do= 2.5 mm V,= 1.20 m/s V= 1.50
m/s (Grey) and silicone oil (5 cSt) Do= 2.5 mm V,= 0.50 m/s V= 0.90 m/s (Hollow); (c) shows the
average width and length of Silicone Oil (1 CSt). ..ccuuueuiiiiiee e 43
Figure 3.6 Time evolution spreading model applied on (a) water V, = 1.36 m/s, V; = 2.9 m/s; and
(b) 1 cstsilicone 0il Vi = 1.24 M/S, Vi = 1.55 M/S. ..eiiiiiiiiiiiii s 45
Figure 3.7 Side and overhead views of different types of splashes on inclined and moving surfaces
at different time intervals: (a) 1 cst silicone oil V, =1.68 m/s V; = 2.38 m/s; (b) 1 cst silicone oil V,
=2.00 m/s Vi = 1.42 m/s; (c) 40% Glycerol water V, = 2.90 m/s V; = 1.36 m/s; (d) 5 cst silicone oll
Vi = 2,00 M/S Vi = L1.36 IM/S. ittt 47
Figure 3.8 Splashing threshold for Silicone oil (1 and 5 cSt) and 40% glycerol-water on stationary
(triangle), inclined (diamond) and moving surfaces (circle). Hollow symbols represent spreading,
solid grey symbol represents azimuthal splashing, solid black represents all-round splashing and
solid-yellow represents new splashing for high viscous liquids. The solid and dashed line are
drawn for better visualization of the splashing threshold. ..............ccccoooiiiiiiiin 49
Figure 3.9 Azimuthal splashing angle for 1 ¢St silicone oil (Inclined: V,=2.0 m/s, Vi= 1.42 m/s,
moving: V,=1.99 m/s, Vs= 1.42 m/s) and 5 cSt silicone oil (Inclined: V,=1.66 m/s, Vi= 1.10 m/s,
MOVING: Vn=1.66 M/S, V5= L.12 M/S)...uuiiiiiiiiiiiiiiiiiii e e 50
Figure 3.10 Showing split splash on inclined and moving surfaces for viscous liquids (a) 40%
glycerol-water, V, = 1.58 m/s V; = 2.73 m/s; (b) 5 cst silicone oil at V, = 1.10 m/s V; = 1.91 m/s.

Figure A.1 Shows the lamella velocity of water and silicone plotted against time. the solid line was

drawn by computing the lamella velocity using eq. 3. The experimental data are plotted as cross

and the horizontal dashed line represents the surface velocity. (a) water V,=1.68 Vs=1.00 (black);

Vih=1.24 V= 1.52m/s (Red); (b) Silicone oil V,=1.24 Vs= 2.93 m/s (black) and Vs= 1.10 m/s (red).
61



Figure A.2 The stretching of lamella in the direction of motion a, and the shrinking of lamella
perpendicular to the direction of motion b normalized by r(t) of a stationary surface, at different
time intervals for V,=1.5 m/s; and four different surface velocities Vs=1.0 m/s (diamond), 1.5 m/s
(cross), 2.2 m/s (square). 2.9 M/S (THANGIE).....ccoeieiiieiee e 62
Figure A 3 Shows the stretching factor (a to c), shrinking factor (d to f) and shifting factor (g to i)
with respect to time (a, d, g), surface velocity (b, e, h), normal velocity (c, f, i) for the droplet impact
conditions (a, d) Vo= 1.0 m/s, (c) Vo= 1.5 m/s, (b, e and f) Vo,== 1.5 m/s, (c, f and i) Vs= 2.2 m/s

Figure B. 1 Shows the (a) average width; (b) average length on inclined (triangle) and moving
surfaces (circle). Water Do= 2.5 mm V,,= 2.88 m/s V= 1.36 m/s (Black), 40% glycerin-water Do=
2.6 mm Vy=1.75 m/s Vi= 1.01 m/s (Yellow), Silicone oil (1 cSt) Do= 2.5 mm V,= 1.68 m/s V= 1.00
m/s (Grey) and silicone oil (5 cSt) Do= 2.5 mm V,= 0.38 m/s V= 0.80 m/s (Hollow); (c) shows the
average width and length of 40% glycerin-water Vo= 1.75 m/S Vi= .01 M/S....ccooeeiiiiiiiiiiieeenn. 66
Figure C. 1 a) shows the grid scale used for measurement; b) shows how droplet diameter was
Measured fOr EXPEIMENTS. ........u e e e e e e e e e e ettt a e s e e e e e e astrr e eeeeeeees 68
Figure C. 2 Snapshot of droplet impacting on inclined surface at different time intervals used for
measuring normal VelocCity Of the droPIEt. ............ i 69
Figure C. 3 a) showing the Kruss DSA 100E used for measuring droplet contact angles; b) image

of contact angle measured 0N the SUIMACE. .........ccooiiiiiii e 70



Chapter 1

Introduction
1.1 Background

Drop impact onto a surface has fascinated many researchers since Worthington released
his first paper in the late 19™ century (1). Since then, researchers have looked at different
aspects of drop impact until recently when researchers have turned their attention on
droplet impacting on a moving or an oblique surface. Drop impact onto an oblique or
moving surface has various applications in industries such as in ink-jet printing, where an
electronic charging and a deflection system is used to break continuous inkjet into tiny
micro droplets which impacts on a moving paper (2-5). Spray coating is very important
on medical devices such as for catheter (6), or coating electronics to save from wear,
corrosion or making protective layer on a target surface (7-9). In agriculture industries,
where weed and pest control is important to maximize crop production (10-12). However,
for most of the industries mentioned above either has a surface that is moving or a surface

that is not horizontal.

When a drop impacts on a stationary surface it may spread, splash or rebound (13-16).
The physical parameters such as impact velocity (17-20), liquid properties (surface
tension, viscosity) (21-24), surface properties (wettability, roughness) (25-28) and
surrounding air (29,30) can affect the outcomes of drop impact. There are different drop
impact outcomes seen on a stationary surface: Droplet deposition, prompt splash, corona

splash, receding breakup, partial rebound and rebound Figure 1.1 shows different drop

2
impact outcomes. Depending on the Weber number (We = 222, Weber number is the
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ratio of droplet inertia to surface tension, where p is liquid density, d is the droplet
diameter, v is the impact velocity and o is the surface tension of the liquid. When a droplet
with a small normal velocity impacts onto a surface, it spreads smoothly onto the surface
and makes a thin pancake-like sheet, eventually recoils back and deposits, known as
deposition. When the droplet velocity is increased, tiny droplets can come out from the
lamella, known as prompt splash. A further increase in the normal velocity can cause a
thin sheet of lamella lifting off from the surface making crown-like shape, at the edge of
the crown tiny droplets comes out, this is often known as Corona splash. While, receding
break up happens, when a droplet breaks into small pieces during receding. During
recoiling if a portion of the droplet jets out from the liquid while the other part stays on the
surface, then it is known as partial rebounding; and if the entire droplet jumps off from the

surface against gravity is known as complete rebound.



Figure 1.1 Outcomes of droplets on surface (a) droplet deposition; (b) Prompt splash; (¢) Corona
splash; (d) Receding break up; (e) partial rebound and (f) Complete rebound Reprinted from
[Marengo M, Antonini C, Roisman IV, Tropea C. Drop collisions with simple and complex surfaces.
Curr Opin Colloid Interface Sci. 2011 Aug;16(4):292—-302.] Copyright (2011), with permission from

Elsevier.
High surface tension and low surface tension liquids spreads differently on a stationary
surface (31). Figure 1.2 shows that for same normal velocity of the droplet, high surface

tension liquids reach its maximum width at an earlier time compared to low surface



tension liquids. Also, a high surface tension liquid has a smaller maximum width

compared to a low surface tension liquid (32).

T t=10ms t=2.7ms t=78ms
‘ A [P i s ———

(b)

ey t=10ms i‘=2.;’ms t=7.8ms

Figure 1.2 Spreading of (a) ethanol (low surface tension); (b) water (high surface tension) droplet
on a stationary surface Vn= 0.5 m/s. Reprinted with permission from [Lee JB, Derome D, Guyer
R, Carmeliet J. Modeling the Maximum Spreading of Liquid Droplets Impacting Wetting and
Nonwetting Surfaces. Langmuir. 2016 Feb 9;32(5):1299-308]. Copyright (2016) American

Chemical Society.

Drop impact on a surface has been researched both numerically and experimentally by
many researchers. They have performed quantitative and qualitative analysis on the
different droplet impact behavior on horizontal surfaces, such as effect of surface
wettability, surface roughness or modeling the maximum width (31,33,34). However, in
recent years researchers have focused their attention to drop impact onto inclined (35—
41) or moving surfaces (29,42-46). For both inclined and moving surface, when a drop
impacts along with a normal velocity component it also has a tangential or surface velocity
component. One can think that if the velocities are kept same both surfaces can show
same behavior. If so, it will be beneficial for others to replicate one conditions with other.
However, a spreading lamella experiences different type of resistance on both of the

surfaces, such as the flow of air above the moving surface or the tangential velocity on



inclined surface decreasing as drop spreads Figure 1.3. Also there are no validation
literatures found which compares both of the conditions, so there is a need of research in

this area.

(@) (b) Air movement

Vp Cos(B) Air movement

Vp Sin(8) : :
b Sin(e) o —

Surface motion

Side View Overhead View

Figure 1.3 Schematic of droplet impacting on (a) inclined and (b) moving surface.

As mentioned above, researchers have mostly looked into how a droplet behaves upon
impact over a moving surface or an inclined surface. For most of the cases they have
observed the drop impact behavior such as (spreads or splashes). Sikalo et al. (41) used
different types of liquids and surfaces to perform drop impact experiments on inclined
surfaces. From their experimental results, they observed that droplet spreads, splashes
or rebounds depending on the velocity and surface wettability. Bird et al. (35) developed
the splashing threshold for ethanol on a moving surfaces, where they observed that
increasing the surface velocity suppresses splashing at the back side of the lamella
(region moving with the surface) we call this azimuthal splashing, this was also seen by

other researchers (38,44).

However, on a moving surface overhead view images were used to show that a water
droplet spreads asymmetrically along the direction of surface motion (43,46). It was also
noticed that when the surface velocity is increased, a droplet splashes with an azimuthal

angle over a moving surface, and the azimuthal angle also varies depending on the

5



surface velocity (44). Whereas, on an inclined surface, only Cui et al. (36) showed an
asymmetric spreading of water however their research was only limited to droplet
spreading. For rest of the studies on inclined surfaces only side view images were
analyzed up to this date, thus the exact shape of the lamella cannot be determined. Also,

the azimuthal splashing angle cannot be determined from the side view images.

As it can be seen that literatures for both inclined and moving surfaces show similar
results (such as spreading or splashing). However, it is not clear, if the spreading of the
lamella is same for both cases when the drop impact condition is identical; or if the
splashing process is similar. Also, the literature mentioned here mostly performed
experiments with high surface tension liquids (mostly water), and there are no studies
found that studied the lamella propagation of low surface tension liquids on a moving
surface. Therefore, it is not possible to say if the spreading of low surface tension liquids

will be similar to high surface tension liquids in presence of surface velocity.



1.2 Objective of this thesis

Motivated by the previous works for both inclined and moving surface, a systematic study

was performed to understand how a droplet behaves on both of the mentioned surfaces.
The objectives of this work were the following:

¢ Understanding the differences in spreading of low and high surface tension liquids

e Understanding the effect of surface velocity, surface tension over a spreading
lamella and develop a universal spreading model.

e Comparing spreading results for similar conditions on inclined and moving
surfaces with models from the previous literature

e Understanding the possible splashing seen on inclined and moving surfaces
conditions and the effect of viscosity on drop splashing in presence of tangential

velocity.

Experiments with different Newtonian liquids have been used to understand the droplet

impact in presence of tangential velocity.



1.3 Thesis outline

This thesis is written by organizing two papers which are in the process of submission.
Each chapter represents the work that will be presented in the paper. The manuscript for

this thesis is structured below:

Chapter 2: We will study the spreading behavior of different low surface tension liquids
on a moving surface. We will observe the effect of the droplet velocity and surface
velocities for different low surface tension liquids. We will observe the lamella
development for low surface tension liquids and compare with high surface tension
liquids. Finally, we will develop an empirical spreading model which can predict the
spreading of all types of liquids on moving surface, and validate the model with

experimental results.

Chapter 3: We will perform experiments on inclined and moving surfaces with similar
experimental conditions (i.e. normal and tangential velocity). We will use different types
of liquids to see the droplet spreading and splashing on both inclined and moving
surfaces. We will use hypothesis to confirm if spreading and splashing are similar in

presence of tangential velocity, and use our model to further validate the results.



1.3.1 Direct Contribution

Given that this study is a continuation of the previous one, there has been some previous
experimental set up that existed. Below | will provide information as which parts has been
build up from ground up by me and which parts have been adopted or adapted by me.
Furthermore, as this thesis is compilation of two papers to be submitted soon, | will also

provide information below about role of each of the authors for the chapters.

Chapter 2: All the experiments have been performed by myself. | have used the stationary
spreading data for high surface tension (24% wt. glycerol water and 42% wt. glycerol
water) liquid from Hamed Almohammadi. He also helped me in constructing the spreading
model and writing up in the discussion. Prof. Marengo and Prof. Amirfazli guided me to

select the liquid and write the paper.

Chapter 3: | have performed all experiments, Prof. Marengo and Prof. Amirfazli guided

write the paper.



Chapter 2
Spreading of low viscous liquids on a stationary and moving surface?

2.1 Introduction
Droplet spreading on a moving surface is frequently seen in applications such as inkjet—

printing (2,3), agriculture (10,11), and spray coating (7,14). Most of the drop impact
studies were focused on stationary surfaces, until recently when researchers turned their
attention to drop impact on moving or inclined surfaces (where in both cases a droplet

has a normal and tangential velocities relative to the surface) (35,37-39,41-44,46-50)

When a drop, with a given normal velocity (Vn) and diameter (Do), impacts onto a
stationary surface, the spreading takes places radially due to the initial kinetic energy of
the droplet. The balance between kinetic energy, capillary, and viscous forces brings to
the end of spreading process, and where the maximum lamella diameter Dmax is seen at
time tmax (26,51). Results from the literature (31,32,52) and also our own observations
show the rate of spreading for low surface tension (~20 mN/m) liquids is different than
that of a high surface tension (~70 mN /m) liquid for stationary surfaces (see Figure 2.1a,
liquid properties are given in Table 1.1). The differences are due to the stronger capillary
force for high surface tension liquids which modifies the form of the lamella with a larger
rim, the larger rim causes a thicker viscous boundary layer (32) (see Fig. 8b in Ref. 32)

which

! This chapter is to be submitted for publication soon. Authors: Salman Buksh, Hamed Almohhamadi, Marco
Marengo and Alidad Amirfazli
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Figure 2.1 (a) Time evolution of the diameter of the lamella for impacting water, ethanol, and
silicone oil (1cSt) droplets (Vi =1.6 m/s and Do,= 2.5 mm) onto a stationary hydrophilic (stainless
steel) surface up to the maximum spreading. The dashed line denotes the tmax; (b) The
nondimensionalized spreading factor for low and high surface tension liquids plotted against the
scaled time on a stationary hydrophilic (stainless steel) surface. The impact conditions are:
Unfilled square: ethanol, Do= 2.7 mm, and V,= 1.6 m/s; Unfilled circle: silicone oil (1cSt), Do= 2.5
mm, and V.= 1.2 m/s; filled triangle: water, Do= 2mm, and V.= 1m/s; filled square: ethanol, Do=
1.8 mm, and V= 1m/s; unfilled triangle: water, Do= 2.5 mm, and V,= 3.4 m/s; positive: 2 cSt
glycerol-water (2 cSt), Do= 2.5 mm, and V,= 2.5 m/s; cross: glycerol-water (4 cSt), Do= 2.5 mm,
and V,= 2 m/s. The data shown with filled triangle and filled square are taken from Lee et al.(32)
and unfilled triangle, positive, and cross are showing data from Almohammadi and Amirfazli**. In

both references the studies surface is stainless steel.

Quantitatively, there are several spreading relation (27,33,51,53,54) in the literature that
can predict the maximum diameter of a lamella. These relationships were developed
using energy approach, momentum conservation bounding a rim, numerical solution of
the Naiver Stokes equation, or scaling approach. To date, time evolution of spreading
(i.e. D(t)) is quantified mainly using scaling approach due to the complexity of the matter.

In this approach, the diameter of the lamella at a given time is normalized with the
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maximum diameter (D(t)/Dmax, also called spreading factor) and the time is scaled using
We=%25 (We = pVi2Do/0, the ratio of inertia to surface forces, where o is the liquid surface
tension and p is the liquid density) which is originally suggested by Clanet et al.(51).
However, as it is clear in Figure 2.1b, using such scale, do not result in a universal curve
(and subsequently relationship) when the data for liquids with various surfaces tensions
are plotted together. This means that the Weber number alone cannot capture the effect
of surface tension for droplet spreading and there is a need for rescaling. Note that as an
initial approach for solving the problem, the power of Weber number was changed, but
the spreading curve for low and high surface tension liquids could not be collapsed into a

single curve.

Time evolution of a droplet spreading over a moving surface was studied only for high
surface tension liquids (water and glycerin-water mixtures) (43,44,46). There are only two
studies in the literature that considered low surface tension liquids, but they do not offer
guantitative or even qualitative information about how a drop of low surface tension liquids
spreads over a moving surface (the focus of these studies were on capturing splashing
threshold) (35,45). When a drop impacts onto an inclined surface, or a surface that is
moving in addition to the normal velocity with respect to the surface, the droplet also has
a tangential velocity. In such cases, there are additional differences in the lamella
spreading for low and high surface tension liquids. In the cases where there is a tangential
velocity (i.e. moving surface), the spreading is symmetric only in the direction of surface
motion (see Figure 2.2, where the yellow dashed line represents the line of symmetry).
The lamella can be divided in two regions: the first region is the part of the droplet which

moves against the tangential velocity, and to be consistent with the literature (43), we call
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this region “upstream”, see Figure 2.2. The back side of the droplet that moves along with
the surface (or tangential velocity) is called “downstream”. The delineation of two regions
are at the maximum width position (shown with blue dashed line on Figure 2.2). The
spreading of an impacting drop on a moving surface depends on several parameters such
as: drop normal velocity, surface velocity (Vs), as well as the surface and liquid properties

(43).

In this paper we will focus on spreading, so interested readers in splashing can refer to
the literature (35,38,42,44). Figure 2.2 shows the spreading of water and silicone oil with
the same viscosity of water (1cSt) on a moving surface at tmax. Note that since the
spreading is not symmetric (unlike stationary surfaces) over a moving surface, the tmax is
defined as a time when the lamella reaches its maximum width (Wmax) in the perpendicular
direction to the surface movement (or tangential velocity direction, see Figure 2.2). For
water, the maximum width is relatively closer to the upstream side of the lamella
compared to silicone oil, i.e. the length of the upstream over total length of the lamella is
smaller. For instance, in Figure 2.2, such ratio (i.e. length of upstream over the length of
lamella) is 0.37 for water and 0.46 for silicone oil (1cSt). Also, for silicone oil (1cSt) the
area covered by the spreading lamella is larger compared to water for the same droplet
velocity and volume (this is similar to drop impact onto a stationary surface). Furthermore,
as for the moving surface, the tmax is higher for low surface tension liquids similar to a

drop impact onto a stationary surface see Figure 2.1a.
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Figure 2.2 The maximum spreading of water and silicone oil droplets on a moving surface. Drop

velocity, Vn = 1.20 m/s and surface velocity, Vs = 1.50 m/s, Do= 2.5 mm

Collectively in the literature, there are some qualitative data for low surface tension liquids
on stationary surface; however, there is no relation to predict the spreading of a droplet
over a stationary surface for liquids with various surface tensions. Aside from this, in the
case of moving surfaces, the literature does not have any quantitative/ qualitative data or
any relationship which can predict the time evolution spreading of low surface tension

liquids (35,41,45).

This study aims at understanding the spreading behavior of low surface tension liquids.
This is important as many liquids used for inkjet printing (3) or in agriculture pesticides
(12) have a low surface tension liquids that spreads on a moving or inclined surface. We
present experimental data for low surface tension liquids, develop a spreading model
which works for both stationary and moving surfaces, and validated the model against

our experimental data.
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2.2 Theoretical background for high surface tension liquids and moving surfaces

Our departure point will be an examination of drop impact onto a surface for high surface
tension liquids. After a high surface tension liquid droplet touches the moving surface, it
starts to spread radially at initial time. The radial spreading is seen due to the kinetic
energy that generates a fast lamella velocity. Drop impact position (the point on a surface
where the droplet touches at t=0 ms) moves towards the downstream region with surface
velocity (see Figure 2.3a the white cross signifies the drop impact point). The liquid from
the droplet bulk (see Figure 2.3a) comes down (due to the remaining inertia and gravity)
in a forward position with respect to the drop falling point (blue line in Figure 2.3). As time
progresses the droplet bulk moves further away from the impact point in the downstream
region (see images at 0.5 ms and 3.0 ms in Figure 2.3a). After a certain time, the liquid
from the droplet bulk cannot reach the downstream region anymore (see Figure Al in the
Appendix A, to see the lamella velocity at downstream region). Hence, the lamella velocity
at the downstream region decreases and starts to move with the surface velocity, which
distorts the circular shape of the spreading lamella (this is shown with a red circle in Figure
2.3b at t= 1.5ms the spreading lamella is not circular anymore). The droplet bulk
disappears and the spreading lamella loses its kinetic energy gradually until its maximum

width at tmax.
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Figure 2.3 Time evolution for spreading of water droplet (Vo= 1.20 m/s and Vs= 1.50 m/s) on a
moving surface; (a) side view images of a water droplet on a stainless steel (hydrophilic) moving
surface, white cross refers to drop impact position, solid blue line refers to the drop falling path;
(b) overhead view of water droplet; (c) time evolution of water droplet (up to tmax) and the model
predictions(43) for V,= 1.20 m/s and Vs = 1.50 m/s, the colored circles represents droplets at

different time intervals where 0.5 ms (aqua), 1.5 ms (red), 2.0 ms (purple) and 3.0 (blue)

Almohammadi and Amirfazli (43) proposed a spreading model starting from the pictorial
representation of the circles shown in Figure 2.3c on a stationary surface. The lamella
outline at different time intervals is represented with different colored circles, with the size
of the circles increasing as time progresses (spreading of lamella). They proposed a
correlation for the spreading D(t) (we will extend this later in section 2.5) which can predict
the lamella outline on a stationary surface. For the moving surface, they observed that if
the circles (starting from the initial stationary position on the surface) are shifted in the
direction against the surface motion (tangential velocity), the enveloping outline for the

shifted circles is just as same as the lamella outline seen on a moving surface (43).
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The shifting of circles against the direction of motion is given by x;sp,:
Xaisp = Vet = C 1)

where, the term I t is the velocity of the center of the circle from its initial impacting point,
and C is a shifting factor, i.e. the translation length of the local for the maximum width of
the lamella, relative to the local of the droplet apex.(43) The term C is a time dependent
variable which varies with the droplet normal velocity, surface velocity, and viscosity of

the liquid. At any instant, then, the circles shown in Figure 2.3c, can be represented as:
¥+ (= xaisp)® = 1(t)? (2)
where r(t) (=D(t)/2) is the lamella radius at a given time for a stationary surface.

When considering the above mathematical representation and from Figure 2.3c, one can
notice that the model for drop impact onto a moving surface proposed by AlImohammadi
and Amirfazli (43) will always have the maximum width closer to the upstream region.
However, for low surface tension liquids, we observed that the maximum width at tmax is
closer to the centroid of the lamella (see Figure 2.2). This suggests that equation 2 needs
to be modified to allow for constructing a model for spreading of low surface tension
liquids, i.e the assumption of circles representing instantaneous spreading of the liquids

shown in literature (43) is not suitable.

2.3 Methods and materials

The experiments were performed using a glass syringe generating water, ethanol, and
silicone oil (1cSt) droplets. These liquids gave us a range of surface tension while keeping

a similar value of the kinematic viscosity (v), see Table 2.1. Droplet was allowed to fall
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under gravity and the normal velocity was varied by changing the height between the
needle and the surface. Droplet velocity was increased until splashing was observed for
ethanol and silicone oil. Side view images at different time intervals were taken to
measure the normal velocity of the droplet. The liquid properties as well as the advancing
Ba and receding Br contact angles are given in Table 2.1. Details about droplet velocity/

contact angle measurement can be seen Appendix C.

Images from top and side views were taken at 10,000 fps using Phantom Miro M320
(overhead view) and Phantom v 1610 (side view). Both cameras were synchronized and
triggered instantly as the droplet was released. Each experiment was repeated 3 times,
and the surface was cleaned with acetone and DI water before every experiment to

remove remaining any liquids from the surface.

The experimental setup (Figure 2.4) consisted of 10 (180 mm X 20 mm) strips of stainless
steel surface with roughness of 29 £ 2 nm mounted on a wheel (radius 284.5 mm). This
gave a continuous horizontal moving surface with negligible curvature. The wheel velocity
which was limited to 3 m/s (further increase led to splashing) and was operated using a
TORQUEMASTER 4100 servo motor, and the wheel velocity was controlled using the
software ROBORUN-+. Before each experiment, the wheel velocity was set manually on

the software and was checked using top view image to ensure its accuracy.
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Figure 2.4 Schematic of the experimental setup for moving surfaces.

Table 2.1 Impact conditions and physical properties for test liquids

Liquids Do (mm) | Vi, (m/s) P o | Vv (m?s) | a(mN/m) 0a(°) Or(°)
(kg/m°)
Water 25+0.1 1.2-3.5 998 (42) | 1.0(42) | 72.8(42) | 88°+2° | 32°%2°
Ethanol 27401 | 09-1.7 | 786(55) | 1.52(55) | 23.2(55) <5° <5°
1 cst Silicone oil | 2.5 + 0.1 1.0-1.7 818° 1.0° 17.4° <5° <5°
Glycerine- 25+10.1 0.8-2.5 1062 1.9 70.9 NA NA
water(24% wt.)
(44)
Glycerine- 25+0.1 0.8-2.1 1108.6 3.7 69.0 NA NA
water(42% wt.)
(44)

a) data has been taken from http://www.powerchemical.net/library/Silicone_Oil.pdf
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2.4 Experimental results

From our experimental results we have noticed that spreading of low surface tension
liquids can be divided into two parts: an initial phase, when the spreading is similar to high
surface tension liquids; and a late phase, when the spreading is different compared to

high surface tension liquids.

Initial phase. At an initial time on a moving surface, spreading of low surface tension
liquid is similar to a high surface tension liquid. Right after the impact a circular spreading
can be observed, due to the high initial kinetic energy of the droplet (see Figure 2.5a the
yellow circle on third row at time 0.5 ms). As time progresses the circular spreading starts
to change its form and the position of the maximum width of the lamella remains closer
to the edge of the upstream region (see the yellow circle at t=2.5 ms on Figure 2.5a),
similar to the case of a high surface tension liquid. The blue cross on the first row of Figure
2.5a shows the initial impact point of the droplet and the red vertical line shows the
position of droplet apex. The results (Figure 2.5b) for different surface velocities shows
that the distance between the droplet apex and the impact point is always equal to Vst.
The second row on Figure 5a shows the overhead image of silicone oil (1 cSt) droplet,
and the blue dashed line shows the position of maximum width; it can be noticed that as
time increases from 0.5 ms to 2.5 ms, the spacing between the two lines (blue and red)

increases; this is captured by the shifting factor, C in Eq. 1.

Late phase. As time increases (till tmax), the position of the maximum width starts moving
towards the center of the lamella. This can be seen by following the evolution of yellow
circle on Figure 2.5a. The shape of the lamella becomes elliptical at the upstream region

(unlike circular shape for high surface tension liquids see Figure 2.2 and ref.(43)). During
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this time, we observed two changes in spreading: first, stretching of the lamella in the
direction of motion (denoted with a on Figure 2.5a) and second, width-factor of lamella in
the direction perpendicular to motion (denoted with b on Figure 2.5a). Note that spreading
of width is lower compared to that of stationary surface at a given time thus we use the
term “width-factor”. Our conjecture is that both stretching and width-factor of the lamella
happens due to the kinetic energy of the lamella becoming less influential compared to
the growing viscous boundary layer. Thus, the momentum transfer from the surface
(which is function of the viscous boundary layer) to the lamella becomes more dominant.
This in turn results in a shift of the lamella in the direction of the surface movement.
Finally, the capillary force will become dominant over the remaining kinetic energy of the

system which brings to an end of the spreading phase.

Stretching of lamella in the direction of the surface velocity vector (upstream) and width-
factor in the direction of width occurs at same time, both phenomenon was noticed for all
conditions where a tangential velocity was present. The stretching is observed because
liquid closer to the surface starts moving with the surface velocity as described earlier.
However, both phenomenon is not seen for high surface tension liquids because the
lamella thickness is higher compared to low surface tension liquids, which means the
viscous boundary layer thickness has minimal or no effect on high surface tension liquids
during the spreading phase (32). From our experimental data we have noticed that the
stretching and width-factor starts around 2.8 ms for all drop impact cases (see Figure 2.5¢
and 2.5d, all the data points start to diverge around 2.8 ms), and during this time the
maximum width starts shifting towards the middle of the lamella as shown on the last row

of Figure 2.5a. Both stretching and width-factor of the lamella depends on the surface
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velocity, from Figure 2.5c and 2.5d, it can be seen that for Vs= 1.0 m/s, the stretching of
the lamella takes place in a similar time for droplets with different normal velocities (see
Figure A2 in the Appendix A for other normal velocity). So one can conclude by saying
that surface velocity (or tangential velocity) is the most important factor in determining the

shape of the lamella at late stage of spreading.
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Figure 2.5 (a) Side and overhead view images for spreading of 1cSt viscosity silicone oil droplet
(Do=2.5 mm and V,= 1.2 m/s) on a moving surface (Vs = 2.2 m/s). The blue cross denotes the
impact point. The red dashed line represents the drop apex and the blue dashed line represents
the position of maximum width. The solid yellow circle on the last row represents the shifting of
maximum width on the surface. (b) Apex velocity with respect to time for V,= 1.20 m/s at Vs =
1.00 m/s and 2.90 m/s. (c) The stretching of lamella in the direction of motion a(t) normalized by
r(t) for a stationary surface, at different time intervals, for V,=1.0 m/s; and (d) Width-factor of
lamella perpendicular to the direction of motion b(t), normalized by r(t) for a stationary surface, at
different time intervals, for droplet impact conditions V,=1.0 m/s and four different surface
velocities, Vs=1.0 m/s (diamond), 1.5 m/s (cross), 2.2 m/s (square) and 2.9 m/s (triangle).
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2.4.1 Effect of impact and surface velocities on droplet spreading

Increase in droplet velocity (Vn), at a given condition, changes both the width and the
length of the lamella. As the normal velocity of the droplet is increased, the maximum
width becomes larger regardless of Vs, see Figure 2.6a. However, depending on Vs, an
increase in Vi, the length of the lamella may decrease or increase on Figure 2.6b.
Considering the slopes of trends shown in Figure 2.6a and 2.6b, an increase in drop
velocity (Vn) results in a more rounded shape for the lamella, while the resultant lamella
is more stretched for low Vn. The tmax decreases with Vn, see Figure 2.6d; so high droplet
velocities (Vn) less time is available for the surface to stretch the lamella, and a rounded

shape can be observed.

An increase in surface velocity influences the lamella shape as well. Figure 2.6¢ shows
the normalized width at different times. With an increase in surface velocity, the width of
the lamella becomes smaller compared to a lamella spreading over a surface having
lower velocity (see Vs= 1.0 and 2.9 m/s on Figure 2.6c¢). This is also true at tmax Where the
maximum width of a spreading lamella decreases with an increasing of surface velocity,
see Figure 2.6a. A similar behavior was also pointed out by Aimohammadi and Amirfazli
(43). In term of the length, lamella has higher length when the surface velocity is higher
(see Figure 2.6b). Therefore, unlike the drop velocity (Vn), an increase in surface velocity
(Vs) results in a more stretched shape for the lamella, while the lamella has more rounded
shape when surface velocity is lower. This happens as the higher surface velocity does
not allow enough time for the droplet bulk to release the liquid in the normal direction to

surface velocity vector as it shift the available liquid toward downstream region.
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Therefore, the length of the lamella at tmax is always larger when the surface velocity is

increased.
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Figure 2.6 (a) Wmax (solid), and (b) Length (unfilled) of the lamella at tmax for Silicone oil (1 cSt)
droplet (Do= 2.5 mm) at different normal velocities: 1.0 m/s-1.7 m/s, and surface velocities 1.0 m/s
(diamond), 1.5 m/s (circle), 2.2 m/s (square), and 2.9 m/s (triangle). (c) normalized width plotted
against time for V,= 1.2 m/s for stationary surface and with different surface velocities. (d) tmax for

different normal and surface velocities.
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2.5 Model development for droplet spreading

In the previous section, our experimental results showed that there are noticeable
differences in the spreading of low and high surface tension liquids on a moving surface
(e.g. spreading time, spreading factor and the position of maximum width). From Figure
2.1b it was seen that the spreading ratio on a stationary surface for low and high surface
tension liquids are different. Also our discussion from Section 2.4.1 showed that the
behavior of low surface tension liquids starts to deviate from high surface tension liquids
at about 2.8 ms. According to equation 2, which was developed for high surface tension
liquids, a droplet on a moving surface will have the maximum width near the upstream
region (due to semi-circle shape of the upstream region). Therefore, Equation 2 can
predict the initial spreading, but it cannot predict the lamella outline for low surface tension
liquids for a late time. As such there is a need for a modify the spreading model from

Ref.(43)

To develop a spreading model for low surface tension liquids on a moving surface, r(t) is
an important factor; hence, we will find the empirical correlation for r(t) first and use it to
develop the model of spreading on a moving surface in next section. Following the idea
from Almohammadi and Amirfazli (43) we will start by considering drop impact on a

stationary surface first.

Spreading equation on a stationary surface. By introducing a surface tension term in

the scaled time (i.e. t/We%25) as a ratio of liquid to water surface tension (;—L)a, all the
w

data (Figure 2.1b) from literature (43) and from our experiments collapse into a single

curve (see Figure 2.7 with all the data points). Note that at initial time the spreading factor
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is zero and as it reaches to Dmax the factor is 1. Therefore, to find an equation that can
find spreading factor on a hydrophilic surface, we should consider two issues: first, the
correlation should predict zero when time is zero; and secondly, it should be able to
predict the r/rmax (or D/Dmax) for other time intervals. Considering discussion above, we fit
all our data (both low and high surface tension liquids) using the cftool in MATLAB and

hence we define r(t) in the following form:

D(t o
(t) =1— exp(a(t WeO.ZS(ﬁ)OJS)b) (3)

Dmax

Here, t (ms) is the given time, a and b are the curve fitting coefficients; with values of a =
-0.6000 and b= 0.7798 with an R? = 0.9848 and SSE = 0.2905. Equation 3 gives the
spreading factor which can be used to find the radius or width of the lamella for a given

time for liquids of any surface tension.

Since the model is based on circles (circular spreading at different time interval on
stationary surface as mentioned before on Section 2.2), we decided to use the radius
r(t) = ? term in the equations from now for simplicity. Note that’s spreading data for

low and high surface tension (from Almohammadi and Amirfazli) fluids were also used to

perform the curve fitting equation 3.
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Figure 2.7 The nondimensionalised spreading factor of low and high surface tension liquids
plotted against the scaled time fitted with new empirical model. The Eq. 3 represents the data

well.

To remodel lamella on a moving surface, needs to generate a circular lamella outline at
initial time and change it to ellipse as time progresses. This is so to capture the evolution
of lamella over time as described earlier. According to our observations each circle/ellipse

represents the outline of the lamella position at a snapshot of time in isolation.

The overall lamella outline at a certain time can be found when an enveloping line is
drawn to encompass all the circles/ellipses, however one must remember that the
enveloping line should have an egg/ellipse shape, see the white ellipse on Figure 2.8b at

t=5.2ms.
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Figure 2.8 Spreading of (a) ethanol droplet with DO =2.7 mm; (b) silicone oil (1 cSt) with D0=2.5
mm droplets at different time interval on a moving surface: Vn = 1.50 m/s and Vs = 2.20 m/s.
Different coloured contours represent spreading of droplet at different time interval; and a white
enveloping line over all the circles/ellipses shows the lamella shape.

x2

Spreading equation on a moving surface. We start with the equation of a circle O +
2
rz't = 1 where r(t) is the radius of the circle. It was seen that the stretching takes place

in the direction of the surface motion (x direction with the factor a) and width-factor in the
Y direction is represented with b. If we introduce these width-factor and stretching factors,

the equation of circle changes to an ellipse as:

2 2

x y _
(axr(t)? = (bxr(t)?

(4)

The new spreading model will start as a circle and eventually it will become elliptical as
time progresses (note ta and b are functions of time). Therefore, equation 4 can be re-

written to a form that is similar to an equation of a circle, thus we can write following:

x2 yZ _ P
2o Tomr r(t) ()
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There are three parameters in this equation which controls the spreading on a moving
surface, coefficient a(t) and b(t), depends on the drop impact condition and liquid
parameters. The value for both a and b were found using our experimental data (see
supplementary information for details). The other parameter is the shifting factor C,
hidden in the x4;5,(equation 1) i.e. the movement of the maximum width relative to the
droplet apex, also calculated with fitting our experimental results (see supplementary
information for details). Lamella propagation at different times was denoted as r(t) which

can be calculated using equation 3.

According Almohammadi and Amirfazli (43), tangent to all the lines can be used to
calculate the area of the enveloping line. Therefore, equation 5 and the derivative for

equation 5 can be solved to to find the tangent.

i xZ yZ _ 2
dt [a(t)z + b(t)2 ()] (6)

The resultant solution will be noted as fiangent (X, ¥)

Now having the solution for all the tangent, the area of the lamella can be calculated by

integrating fiangent (x,¥), This will give the area of an enclosed lamella at any given time.

The new model (equation 5) can easily predict the spreading of both low and high surface
tension liquids. However, one must always remember that the model can predict the

shape of liquid only until tmax.

The new spreading model is applied on different droplet conditions. Figure 2.9 shows our

new model compared to our experimental results. By accumulation of all the ellipses and
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by drawing an enveloping contour, the model can predict the lamella shape at different

time interval for different impact and surface velocities for silicone oil (1 cSt) and ethanol.

The model developed above also can predict the shape of high surface tension liquids
too. Figure 2.10 shows the model can predict the spreading for water droplet on a moving
surface. This proves that our model can predict the spreading of both low and high surface

tension liquids on a moving surface.

(a) (b) ()

ESurface motion 5 mm

Figure 2.9 Applying the spreading model equation 5 for low surface tension liquids (a) silicone oil
Vih=1.50 m/s Vs =1.00 m/s, (b) silicone oil V,=1.00 m/s Vs =2.90 m/s; (c) ethanol V, =1.50 m/s
and Vs =2.20 m/s.
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t= 0.6 ms t= 2.0 ms

(Surface motion 5 mm

Figure 2.10 Spreading model applied on water droplets spreading on a moving surface Do= 2.5
mm Vy=1.20 m/s and Vs =1.50 m/s.

The model proposed here in this paper is valid for liquid viscosity upto 4cSt. This limitation
has been also reported by Almohammadi and Amirfazli (43). Above 4 cSt, the viscosity
of the liquids strongly influence the spreading of droplet, hence the empirical scaling (51)

We®25> cannot be used anymore.
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Chapter 3

Impacting of droplets on moving surface and inclined surfaces?

3.1 Introduction

Droplet impacting on a surface can be widely seen in different industrial applications such
as inkjet printing (2,3), spray coating (7,56) and in agriculture (10,11). In these
applications most of the time either the surface is moving, inclined, or the combination of
both. In recent years, there are a few works that have focused on drop impact onto a
moving surface (42—-47) or on inclined surface (35,37-39,41,49,57-59); experiments with
various liquids i.e. low and high surface tension liquids with low and high viscosities are
done. However, for both surfaces, most of the literatures generally examines droplet
impact behavior (spreading, splashing or rebound), or mainly focused on capturing the
splashing threshold. For both moving and inclined surfaces, the presence of tangential
(or surface) velocity changes the behavior of a spreading lamella compared to a

stationary surface.
On a horizontal surface, a droplet after impact will spread or splash radially depending on

the Weber (We = %vz) number of the liquid; where p is the density of liquid in kg/m?3, d is

the diameter of the droplet, v is the normal droplet velocity and o is the surface tension of
the liquid. The outcomes of drop impact may also vary depending on the liquid viscosity
(44,60,61), surface roughness (30,60) and surrounding gas pressure (18,29). When the

We is increased, a spreading lamella will have a larger diameter and the time to reach

2 This chapter is to be submitted for publication soon. Authors: Salman Buksh, Marco Marengo and Alidad Amirfazli
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the maximum width (for lamella) becomes smaller (54). Increase in We will eventually
change spreading to prompt splashing; a prompt splash is a type of splash where the
kinetic energy stored in the liquid droplet allows some satellite droplets to eject from the
advancing contact line of a spreading lamella. Further increase in the We leads to a
corona splash, where the lamella lifts off from the surface and makes a crown shape

before satellite droplets detaches from the rim of the crown.

On an inclined surface, when a droplet impacts with a velocity Vo, the velocity will have
two components: Normal velocity (1, = V, cos (6)) and tangential velocity (V; =
Vp sin (6)). For a moving surface, the velocity of the droplet driven by gravity is called
the normal velocity V,, and the tangential velocity can is the velocity of the surface, I; . In
the presence of tangential velocity, the lamella will not be symmetric unlike the case for
drop impact onto a horizontal stationary surface. For cases where a tangential velocity is
present, the spreading lamella can be divided into two regions. The first region is the part
of the droplet which moves against the surface (or moves down the plane for inclined
surface) to be consistent with the literature, we call this region “upstream”. The back side
of the droplet that moves with the surface (or moves against the gravity for inclined
surface) is called “downstream”; and delineation for the regions is the position of the
maximum width of lamella (as observed normal to the direction of tangential velocity on

the plane of the surface), see Figure 3.1.
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Figure 3.1 Showing the schematic and images of droplet spreading on a moving and inclined
surfaces.

In presence of a tangential velocity, different spreading behavior is seen. At initial time,
right after impact, droplet will spread radially (i.e. symmetrically), this is mainly due to the
high kinetic energy stored on the droplet. As time progresses, the kinetic energy on the
spreading lamella decreases and the tangential/surface velocity affects the spreading
lamella, which changes the circular shape of the lamella to an egg or oval shape.
Tangential velocity has a very important role on the spreading lamella, with an increase
in tangential velocity, the spreading lamella will have a longer length (i.e. lamella length
parallel to the direction of surface motion/ tangential velocity see Figure 3.1). However,
further increase in tangential velocity can lead to an azimuthal splashing (see Figure
3.2a), where the spreading take place at the downstream region and the upstream region
splashes to the extent of an azimuthal angle, ¢. On the other hand, if the normal velocity
is increased, an all-around (360° splash Figure 3b) axisymmetric splashing is seen.
Almohammadi and Amirfazli (44) proposed X-Y convention to explain different types of

splashing, where, X denotes the downstream region of the droplet and Y denotes the
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upstream part of the droplet. They identified four types of splashing spreading prompt,
spreading corona, prompt corona and asymmetric corona splash (this will be discussed

later in chapter 3.3.2).

a) Azimuthal splashing b) All round splashing

(Surface Movement

Figure 3.2 Different splashes seen on a moving surfaces (a) Azimuthal splashing Vh.= 2.90 m/s
V= 14.9 m/s; (b) All round splashing V,= 3.2 m/s V= 1.5 m/s. The white cross refers to the point
of impact, and ¢ represents the azimuthal splashing angle. Reprinted with permission from
[Almohammadi, H. & Amirfazli, A. Understanding the drop impact on moving hydrophilic and
hydrophobic surfaces. Soft Matter 13, 2040-2053 (2017).]. Copyright (2017) Royal Society of
Chemistry.

Most of the works in the past have used side view images, however, for characterization
of different splashing behavior, overhead view is very important for azimuthal splashing.
Almohammadi and Amirfazli (44) showed that the azimuthal splashing angle varies with
slight deviation in the normal and tangential velocity components, this information cannot
be gathered from side view images. Therefore, it is essential to observe the behaviors

from the overhead view.

For both cases, resistance from the surrounding can also affect the impacting droplet,
such as, gravity can affect the tangential component of an inclined surface causing
difference in the spreading of droplet. Also for a moving surface, air above the surface

may create drag forces on the spreading lamella and cause difference on both
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spreading/splashing behavior (see Figure 1.3). However, from literature it is not clear, if
the droplet behavior upon impact to inclined and moving surfaces are identical. There is
no concrete evidence in the literature to prove or disprove the preceding statement either
in the form of experimental or numerical work in identical conditions. In this Chapter, we
report on results from a series of systematic experiments with liquids of different
viscosities and surface tension. We will use our results to quantify if drop spreading and
splashing are similar or different for two systems of moving and inclined surfaces by using

hypotheses.

3.2. Methodology and experimental setup

The experimental setup in Figure 3.3 consisted of a glass syringe to generate droplets of
water, glycerol-water mixture and silicone oil droplets. The liquids chosen for the
experiments have a wider range of surface tension (17.4~72.8 mNm) and viscosity (1~5
cst) see Table 3.1. Drop impact experiments were initially performed on inclined surfaces.
Where the drop normal velocity was adjusted by changing the height between the needle
and the surface. Normal and tangential velocities were changed by varying the angle of
inclination of the surface with respect to horizon from 25° to 65°. Side view images were
used to measure the component of normal and tangential velocities; and both velocities
were replicated on a moving surface. Where normal velocity was changed by adjusting
the syringe height and tangential velocity was changed by controlling the surface motion.
The maximum velocity difference between two conditions were + 0.05 m/s for either V: or

Vh.

Images from top and side views were taken at 10,000 fps using a Phantom Miro M320

(overhead view) and a Phantom v 1610 (side view). Both cameras were synchronized
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and triggered instantly as the droplet was released. Each experiment has been repeated

3 times, and the surface was cleaned with acetone and DI water before every experiment

to remove remaining liquids from the surface.

Moving Surface
Syringe

%+@ |
|

g 0

Camera 1 Light source

[\r‘a riable height

Rotating Motor

Projected view of the Wheel “Wheel

Light source

Overhead View

. ‘DDD Camera 2
Camera 1 -Z:__Variable angle

Inclined Surface
— Syringe
o

2

"

: J Variable height

Side View

Figure 3.3 Schematic of the experimental setup for moving and inclined surfaces

For both setups the same stainless steel surfaces with roughness of 29+2 nm were used.

The experimental setup for the inclined surface consisted of a stainless steel surface, a

3D printed surface holder with slots at (25°- 65°) to keep the angle of inclination constant.

For the moving surface, the setup consisted of 10 (180 mm X 20 mm) strips of stainless

steel surface mounted on a bicycle wheel (radius 284.5 mm). The wheel was attached to

a servo motor whose velocity was controlled using the software ROBORUN+.

38



Table 3 1 Properties of liquids used, range of velocities studied and the wettability of surface with

test liquids
Liquids Do (mm) | Normal | Tangential | Density | Kinematic | Surface Ba Or
Velocity | Velocity | (kg/m®) | viscosity | tension
(m/s) (m/s) (m?/s) (mN/m)
Water 2.5 1.2-2.9 1.2-29 998 1.0 (42) 72.8 88°+ | 32°
+0.1 (42) (42) 2° 2°
Glycerin- 2.6 1.2-2.9 1.1-2.7 1104.4 | 4.37 (63) 69.8 82°+ | 45°
water(40% + 0.1 (62) (62) 3° 3°
vol)P
Silicone oail (1 2.5 1.0-2.4 1.0-24 8182 1.02 17.42 <5° <5°
cSt) +0.1
Silicone ail (5 2.5 0.4-2.4 0.6-2.4 918? 5.02 17.42 <5° <5°
cSt) +0.1

a) data has been taken from http://www.powerchemical.net/library/Silicone_Oil.pdf

b) at 21.5° C

For droplet spreading we started analyzing our results from initial impact until the

maximum spreading of the droplet was seen, which varies from 3 ms (for high surface

tension liquids) to 7 ms (low surface tension liquids).

3.3. Results

The results will be presented in terms of spreading and splashing. In the first part we will

compare the spreading results on a moving and inclined surfaces for all liquids. Next,

splashing for liquids except water will be discussed; the We for water could not be

increased to a value that a splashing can be observed.

39




Hypothesis development

Impacting of droplet on an inclined and moving surface generally has two different
outcomes spreading and splashing. To compare the result for inclined and moving

surfaces, we propose hypotheses to analyze our results. The hypotheses are as follows:

For spreading, at first we state that, length and width are similar on inclined and moving
surfaces. Secondly, the lamella propagation should be same for both cases, from initial

time of impact until maximum width is reached (i.e. are the shape similar for both cases).

For splashing, at first, the behavior should be similar for both surfaces i.e. if azimuthal or
all-around splashes seen for same condition. Secondly, the azimuthal splashing angle, ¢

should also be similar quantitatively for both cases.

3.3.1 Spreading

When a droplet impacts on a moving/ inclined surface, a radial spreading is seen, see red
circle on Figure 3.4a and 3.4b. Our experimental data on Figure 3.5¢c shows the width
and length at initial time are same, which confirms the radial spreading. The spreading is
radial, because the lamella velocity at initial time is higher (due to high kinetic energy)
than the tangential velocity, therefore the spreading lamella retains a circular shape.
However, as time progresses, the lamella velocity decreases and the tangential velocity
starts effecting the spreading lamella, causing the radial spreading to change. Low
surface tension liquid spreads differently on a moving surface compared to high surface
tension liquids. On a moving surface, high surface tension liquids, at tmax, the spreading
lamella makes an egg shape and its maximum width is seen near upstream region

(43,44,46). Whereas, for low surface tension liquids, the spreading lamella makes an
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elliptical shape. Our experimental results for water (high surface tension) and silicone oil
(1cSt) (low surface tension) shows similar spreading on both inclined and moving

surfaces (see Figure 3.4 a and b).

High viscous liquids also spreads radially at initial time after impact (see appendix Figure
B1 c for our experimental data), and also the spreading behavior on an inclined and
moving surface are similar. Figure 3.4 ¢ shows that silicone oil (5 cSt) makes an elliptical
shape and 40% glycerol water makes an egg shape as it approaches near tmax on Figure

3.4d.
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Figure 3.4 showing the spreading of liquids on moving and inclined surfaces at different time
intervals on a hydrophilic surface (a) Water Do=2.5 mm V,=1.67 m/s V= 2.0 m/s; (b) silicone oll
(1 cSt) Do=2.5 mm V,=1.22 m/s V= 1.52 m/s; (c) silicone oil (5 cSt) Do=2.6 mm V,=0.38 m/s V=
0.81 m/s and (d) 40% Glycerol water Dg=2.5 mm V,=1.23 m/s V= 2.16 m/s.
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Figure 3.5 a and b shows the length and width of the lamella at different time intervals
plotted along with their error bars. The data represented here has the highest
tangential/surface velocity for which spreading is seen. This means the spreading lamella
should experience more resistance from the air moving over the surface. However, from
the data, it can be seen that at different time interval, the rate of increase in width for all
liquids are same on both inclined and moving surfaces. This means the air movement
over the surface do not affect the width of the spreading lamella. Figure 3.5b, shows that
the length of the lamella is also similar for both inclined and moving surfaces for all types
of liquids, which suggests the gravity do not affect the lamella on inclined surface. (Also
see appendix Figure B1 for other velocities). This validates both criteria of our hypothesis

for spreading on inclined and moving surfaces.
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Figure 3.5 Showing the (a) average width; (b) average length on inclined (triangle) and moving
surfaces (circle). Water Do= 2.5 mm V,= 1.35 m/s V= 2.90 m/s (Black), 40% glycerin-water Do=
2.6 mm V= 1.25 m/s Vi= 2.15 m/s (Yellow), Silicone oil (1 ¢St) Do= 2.5 mm V,=1.20 m/s V= 1.50
m/s (Grey) and silicone oil (5 cSt) Do= 2.5 mm Vy= 0.50 m/s Vi= 0.90 m/s (Hollow); (c) shows the

average width and length of Silicone oil (1 cSt).
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3.3.1.1 Applying models from previous literature

Since the first conditions for our spreading hypothesis is met, it is now necessary to see
if the position of maximum width is similar for both cases. Therefore, time evolution
spreading model for low and high surface tension liquids which was developed for a

moving surface (43) can be used to validate the second part of the hypothesis.

The models can predict the shape of the lamella at any given time until tmax (i.e. the time
a lamella takes to reach the maximum width). The model is based on spreading of liquid
on a stationary surface (circular spreading) at different time intervals. In the presence of
tangential velocity, they proposed an equation which can predict the lamella spreading
(i.e. egg shape or elliptical), depending on few parameters such as surface tension, Vn

and V.

We use the general spreading model derived in Chapter 2 for water and silicone oil (1
cSt), here, we considered that Vs = Vi (since the same tangential velocity for a given
impact condition was used on a moving surface). Figure 3.6 shows the new spreading
model applied on our experimental results. On the figure, each circle represents lamella
spreading at 0.4 ms intervals. It can be seen that the spreading model can predict the
spreading of both low and high surface tension liquids at different time intervals on an
inclined surface. This means that the spreading seen on a moving surface is same as the
spreading over an inclined surface. Therefore, we can say that the air movement above
the surface do not push the maximum width towards downstream region or gravity pulling
the maximum width position towards upstream region. Thus we can claim that the
spreading on moving and inclined surface are the same for the range of velocities

mentioned above.
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Figure 3.6 Time evolution spreading model applied on (a) water V, = 1.36 m/s, V= 2.9 m/s; and
(b) 1 cst silicone oil V, = 1.24 m/s, Vi = 1.55 m/s.

To summarize, initially, the spreading is dominated by the inertia of the liquid; the inertia
creates tangential velocity on an inclined surface which allows the liquid to move down
the plane. Spreading is a very fast (around 3-4 ms) phase, and the force of gravity is not
strong enough to overcome inertia and viscous forces, hence spreading on an inclined
surface is not affected. On a moving surface, we assume that the air velocity above the
surface is too low compared to the spreading lamella (which also has an aerodynamic
shape), therefore, it cannot affect the spreading on a moving surface. Also on a moving
surface, the surface motion cannot change the spreading lamella because the viscous
boundary layer thickness (v/vt) during the spreading phase is too low compared to the

rim which can affect the rim. Hence, the spreading is similar for both conditions.
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3.3.2 Splashing

As the normal velocity and/or the tangential velocity of the droplet was increased, the
spreading changes to azimuthal splashing or all around splashing. There are two types
of azimuthal and two types of all-around splashing seen on both inclined and moving

surfaces. The types of splashes seen moving and inclined surfaces are as follows:

1. Spreading-Prompt splash: Here the downstream region of the droplet spreads
while some tiny droplets are generated near the upstream region (Figure 3.7a).
2. Spreading-Corona splash: The lamella in the upstream region lifts off from the

surface and droplet detach, while the downstream region spreads (Figure 3.7Db).
Both types of splashing take place within a limited azimuthal angle.

3. Prompt-Corona splash: For this case, tiny droplets were generated near the
advancing contact line at the downstream region, and lifting off of the lamella was
seen at the upstream region (Figure 3.7 c).

4. Asymmetric-Corona splash: All-around corona splash was seen for both upstream

and downstream regions (Figure 3.7 d).
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Figure 3.7 Side and overhead views of different types of splashes on inclined and moving surfaces

at different time intervals: (a) 1 cst silicone oil V, =1.68 m/s V; = 2.38 m/s; (b) 1 cst silicone oil V,
=2.00 m/s V; = 1.42 m/s; (c) 40% Glycerol water V, = 2.90 m/s V= 1.36 m/s; (d) 5 cst silicone oll

Vh=2.00 m/s V;=1.36 m/s.
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The change of spreading to different stages of splashing was seen for all types of liquids
except water (for water the tangential velocity was not sufficiently high enough on inclined
surfaces for a splash to occur). However, both azimuthal and all-around splash was seen

for water for a moving surface at higher Vi (44).

Splashing threshold for 40% glycerol-water, silicone oil 1 and 5 ¢St can be seen on Figure
3.8. On the figure the solid line represents the region where drop impact outcome
changed. Results shows that when the surface velocity is increased, spreading changes
to azimuthal splashing (see Vn= 1.6 m/s and Vi= 2.4 m/s for 1 cSt silicone oil). Azimuthal
splashing was seen for all three liquids on both systems. Our experimental results show
that the azimuthal angle for a given drop impact conditions is the same for both moving

and oblique surfaces, (for details see next section).

For all liquids an increase in normal velocity changes an azimuthal splashing to all-around
splashing. Our experimental results show the same type of all-around splashing on
inclined and moving surfaces. The following discussion validates our first hypothesis for

splashing (i.e the behavior should be similar for both surfaces).
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Figure 3.8 Splashing threshold for Silicone oil (1 and 5 cSt) and 40% glycerol-water on stationary
(triangle), inclined (diamond) and moving surfaces (circle). Hollow symbols represent spreading,
solid grey symbol represents azimuthal splashing, solid black represents all-round splashing and
solid-yellow represents new splashing for high viscous liquids. The solid and dashed line are

drawn for better visualization of the splashing threshold.

3.3.2.1. Similarities in splashing

From literature (44), azimuthal splash can take place at different extents (i.e. various ¢
values). The value of @ can vary rapidly when there is a small change in normal velocity
or tangential velocity (44). During azimuthal splashing, if the normal velocity is low, the
relative velocity between the surface and the lamella in the upstream region is high which
enhances tiny droplets to come out of the lamella. On the other hand, if the droplet has a
higher normal velocity, the relative velocity between the surface and downstream lamella
is low which suppress the splashing at downstream region. Figure 3.9 shows the
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azimuthal splashing angles for silicone oil (1 and 5 cSt). For both liquids, the azimuthal
splashing can be seen right after impact. For both liqguids measurements for different
conditions showed that the azimuthal splashing angles on both surfaces are almost
similar as the error overlaps each other. This means the air flow over the moving surface
do not affect the splashing. Hence our second hypothesis is validated and we can
conclude that drop impact on both inclined and moving surfaces are the same for the

given drop impact conditions.

1 cst Silicone oil 5 cst Silicone oil
Inclined Moving Inclined Moving
g
=
-
3
=
3
_ @
®=217°%+10 p=213°145 ©=225°+7 ©=234°+10
5 mm

Figure 3.9 Azimuthal splashing angle for 1 cSt silicone oil (Inclined: V,=2.0 m/s, Vi= 1.42 m/s,
moving: Vn=1.99 m/s, Vs= 1.42 m/s) and 5 cSt silicone oil (Inclined: V,=1.66 m/s, Vi= 1.10 m/s,
moving: Vy,=1.66 m/s, Vs= 1.12 m/s).

3.3.3 New observation

For high viscous liquids silicone oil (5 cSt) and 40% glycerol-water an unusual type of
splashing was observed for both inclined and moving surfaces (see Figure 3.10). This
was pointed out on the splashing threshold graph on Figure 3.8 with solid-yellow data

points. The phenomenon is similar to a rebounding on a stationary surface, where the
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energy in the recoiling phase allows the liquid to jump off from the surface. However, in

presence of tangential velocity a split-rebounding is taking place for the condition.

Right after impact the droplet starts to spread slowly due to low Vn, while, kinetic energy
from the liquid pushes the liquid (at upstream region) against the tangential velocity. The
resultant velocity creates a shear force, which eventually forces the liquid to rip from the

lamella. The behavior is similar to a partial rebounding on a stationary surface.

The new type of splash is seen when the normal velocity of the droplet is very low and
the surface velocity is high. For higher normal velocity, the split splash changes to

azimuthal splashing, which was seen for other liquids.
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Figure 3.10 Showing split splash on inclined and moving surfaces for viscous liquids (a) 40%
glycerol-water, V, = 1.58 m/s V; = 2.73 m/s; (b) 5 cst silicone oil at V, = 1.10 m/s V; = 1.91 m/s.
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Our analysis in this chapter has shown that droplet spreading and splashing are same on
both inclined and moving surfaces. Droplet impact on inclined or on moving surface is
widely seen in the industry, it is seen on inkjet printing where the surface is moving or in
painting industry where the surface can be inclined or moving. Therefore, it is possible for
one to design a setup with inclined surface to reproduce similar outcome of a moving

surface or vice versa.
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Chapter 4

Conclusion and Future works
4.1 Conclusions
In this thesis, for objective 1, we have investigated the spreading behavior for low surface

tension liquids on a moving surface. We have used results from previous literature and
experimented with water, ethanol, silicone oil to find how low surface tension liquids
spread differently compared to high surface tension liquids both on stationary and on
moving surfaces. We observed that on a moving surface the position of the maximum
width shifts to the center of the lamella, and the shifting increases with surface velocity
for low surface tension liquids, this behavior was not seen of high surface tension liquids.
For objective 2, we have developed a new spreading model which is a function of time,
surface tension, normal and tangential velocity which can predict the spreading of both

high and low surface tension liquids with low viscosity on a moving surface.

For objective 3, we have performed systematic experiments on inclined and moving
surface to observe the drop impacting behavior. We have discussed how a drop behaves
on an oblique and moving surface. Our experimental results in chapter 3 showed that the
spreading of liquid on both surfaces are the same. A conclusive outcome was seen when
we verified our experimental results for inclined surface with the model, which was
developed for moving surfaces. For objective 4, It was noticed that the splashing behavior
for both conditions are also same at any given conditions, moreover the splashing angles
were also similar to one other. From all our results we finally concluded that drop impact
for the conditions discussed here in this thesis is same for dry hydrophilic inclined and

moving surfaces.
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4.2 Possible Future work
In this this thesis we have provided experimental results for drop impacting on a moving

and inclined surfaces. Based on our insight to this topic there are few future works that

can be suggested.

In chapter 2 we have discussed about the spreading of low surface tension liquids on a
moving surface. A numerical study is suggested to understand how the liquid behaves
upon impacting on a moving surface. A numerical study on low surface tension liquids
can also give better understanding on how the viscous boundary layer thickness effect

the spreading of low and high surface tension liquids on a moving surface.

The spreading model we developed can only work with low viscous (1-4 cst) liquids.
However, high viscous liquids spread differently compared to low viscous liquids.
Therefore, we suggest to develop a spreading model which can predict the spreading of
high viscous liquids. One can also look into the effect of drop impacting behavior of high
viscous liquids onto moving surface as this field has not been investigated before. As the
spreading for the liquids will be viscous dominated so it will be interesting to see how
tangential velocity affects the spreading. We can claim this because our results for 5 cst
silicone oil shown different behavior, therefore we think high viscous liquids can also show

different splashing behavior upon presence of tangential velocity.

Due to limitations in velocity for inclined surfaces we have not investigated the effect of
very high tangential velocity on a moving surface. Therefore, one can investigate how
high tangential velocities effect the later part of spreading stage on moving surface, this
will help in the painting industry to understand how the paint settles down when sprayed

at very high velocity.
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Appendices

Supporting information for chapter 2

A.1 Downstream region moving with surface velocity

On a moving surface, right after impact, the spreading lamella has a higher velocity compared to
the surface. But as time progresses, the spreading lamella at the downstream region starts losing
its kinetic energy. Figure S1 shows the lamella velocity at the downstream region at initial time for
two different drop impact conditions for both water and silicone oil (1 cSt). From the Figure, it can
be noticed that the lamella velocity starts to decrease as time progress; however, after a certain
time the lamella velocity becomes constant which is equal to the surface velocity. From this
information, we can say that the lamella at the downstream region stopped spreading and started

moving with the surface velocity.
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Figure A.1 Shows the lamella velocity of water and silicone plotted against time. the solid line was
drawn by computing the lamella velocity using eq. 3. The experimental data are plotted as cross
and the horizontal dashed line represents the surface velocity. (a) water V,=1.68 Vs=1.00 (black);
Vn=1.24 Vs= 1.52m/s (Red); (b) Silicone oil V,=1.24 Vs= 2.93 m/s (black) and Vs= 1.10 m/s (red).
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A.2 Stretching of lamella

Stretching and shrinking of lamella was seen for all droplet impact conditions. Figure S2 shows
the stretching and shrinking for Va= 1.5m/s for different surface velocity. Here it can be seen that
for both normal velocities the stretching starts around 2.8 ms (see the box in the figure). Also it

can be seen that both stretching and shrinking are larger for high surface velocities
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Figure A.2 The stretching of lamella in the direction of motion a, and the shrinking of lamella
perpendicular to the direction of motion b normalized by r(t) of a stationary surface, at different
time intervals for V,=1.5 m/s; and four different surface velocities Vs=1.0 m/s (diamond), 1.5 m/s

(cross), 2.2 m/s (square). 2.9 m/s (triangle)

A.3 Stretching factors (a)

The stretching factor a, was calculated using our experimental data at different drop impact
conditions. Based on our observations we have noticed that the shifting factors depends on the

following parameters

a=fthV)
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In order to observe how each parameter varies the shifting factor, we have plotted each variable
seperately. Figure S3 a-c shows how the maximum widith stretches with each parameter t, V; and
,,. As it can be seen that for all the parameters, the stretching factors has a positive power relation
with time and surface velocity and a negetive power relation with normal velocity. Therefore we

suggest the following form:
a=afV,?v4+e,

where a to e are fitting coefficients. The coefficients were found using the Non-Linear Regression
toolbox in SPSS software. a = 0.008, 8=1.601, ¢ = -0.619, d =1.559 and e =1.000, where time is

in ms and both Vs, V,are in m/s. Here, R?>= 0.945 and SSE=0.153.

A.4 Width factor (b)

The width factor b, was found in a similar manner as discussed before. Our experimental data

showed that the shifting is also dependant on the following parametersVs
b= f(t,VnVs)

Figure S3 d to e shows the stretching factor with each parameter. As it can be seen that for all
the parameters, the shrinking factors forms a power relation with all other independant variables.

Therefore we suggest the following form:. Hence, we suggest the following form:
b=fg'V "V + ]

Here f=-0.025, g=1.210, h=0.292, i=0.693 and j=1.000, where time is in ms and both Vs, Vyare

in m/s. Here, R?>= 0.705 and SSE=1.229.
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A.5 Shifting factor (C)

The shifting factor C,was calculated using our experimental data at different drop impact
conditions. Based on our observations we have noticed that the shifting factors depends on the

following parameters

C=f(t,VhW)

As it can be seen that for all the parameters, the shifting factors has a power relation with all

independant variables. Therefore we suggest the following form:

Here, £=0.096, 6=1.767, {= 0.468 and 7= 0.926; where the time is in ms and the value of C is

in mm. R?= 0.992 and SSE= 3.756.
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Figure A 3 Shows the stretching factor (a to c), shrinking factor (d to f) and shifting factor (g to i)
with respect to time (a, d, g), surface velocity (b, e, h), normal velocity (c, f, i) for the droplet impact
conditions (a, d) Vo= 1.0 m/s, (c) Va= 1.5 m/s, (b, e and f) V,= 1.5 m/s, (c, f and i) Vs= 2.2 m/s
Do=2.5mm.
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Appendix B
B.1
Average width and length were measured for other droplet velocities on inclined and moving

surfaces. Figure B1 a and b, shows our experimental results for all four types of liquid. From this
figure it can be seen that spreading of for other droplet impact conditions are also similar for

inclined and moving surfaces.

High viscous liquids also spreads radially at initial time right after impact this can be seen in Figure
B 1 c. From the figure, the length and width of the spreading lamella overlaps until t= 1.0 ms and

the plot starts to deviate at t=1.5 ms, which confirms the spreading is radial for high viscous liquids.
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Figure B. 1 Shows the (a) average width; (b) average length on inclined (triangle) and moving
surfaces (circle). Water DO= 2.5 mm Vn= 2.88 m/s Vt= 1.36 m/s (Black), 40% glycerin-water DO=
2.6 mm Vn= 1.75 m/s Vt= 1.01 m/s (Yellow), Silicone oil (1 cSt) DO= 2.5 mm Vn= 1.68 m/s Vi=
1.00 m/s (Grey) and silicone oil (5 ¢St) DO= 2.5 mm Vn= 0.38 m/s Vt= 0.80 m/s (Hollow); (c)
shows the average width and length of 40% glycerin-water Vn=1.75 m/s Vt= 1.01 m/s.
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B2. Azimuthal Splash
Azimuthal splash was also measured for other drop impact conditions for silicone oil (1 and 5 cSt).

The table below shows the azimuthal splashing angles for other drop impact condition.

Table B. 1: Azimuthal splashing angles for silicone oils on inclined and moving surface

liquid Inclined Moving
Silicone Velocity, m/s Splashing angle, @ Velocity Splashing angle, @
oil (1 Normal Tangential Normal | Tangential
cSt) Vn=1.96 Vi=1.13 224° + 26° V=198 | Vi=1.13 287°+ 55°
Vn=1.66 Vi=2.36 97°+10° V=168 | Vi=2.38 102°+ 12°
Vi=2.10 Vi=1.47 204° +23° V=212 | V=143 214°+ 56°
Silicone | Vn,=1.40 Vi=1.00 234° +5° V=140 | V=0.99 240°t 4°
oil (5 Vn=1.40 Vi=2.00 200° +9° V=140 | V=2.01 202°+ 5°
cSt) Vn=1.66 Vi=2.36 199° £ 3° V=167 | V=2.36 202°t 4°
Vn=1.88 Vi=2.68 219°+5° V=188 | Vi=2.67 223°+10°
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Appendix C

C1. Measurement of droplet size

A grid scale was used to measure the droplet size. A grid scale contains small square grids, where
each square has a length of 0.25mm. The scale was placed on the focal plane of the lens which
gave a sharper image of the grid and few snapshot are taken for use. On the inkscape software,
the length of 4 square boxes were measured in pixels which gave the scale for each pixels in

millimeter.

The droplet diameter was measured by measuring the length of the spherical droplet in x and y

direction, and it was converted to standard unit by using the scale. The procedure was repeated

3 time for different liquids.

() (b)

Figure C. 1 a) shows the grid scale used for measurement; b) shows how droplet diameter was
measured for experiments.
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C 2. Measurement of velocity
The normal velocity of the droplet was measured by taking snapshot of the video at different time

intervals. The position of the droplet from different images were measured using inkscape in pixels
which was converted to standard unit. The ratio of distance travelled by a droplet to time gave the

velocity of the droplet.

t= 1800 ms t= 3000 ms

Figure C. 2 Snapshot of droplet impacting on inclined surface at different time intervals used for
measuring normal velocity of the droplet.

C 3. Contact angle
Surface wettabilitiy determines if the surface is hydrophilic or hydrophobic, If the advancing

contact angle of a droplet is below 90, it is considered hydrophilic; value above 90 is considered
hydrophobic surface. The surface wettability was measured using the Kruss Drop Shape Analyzer
100E, which has inbuilt software to measure the contact angles. The advancing and receding

contact angles were measured on different places on the surface to get accurate result

69



(b)

Figure C. 3 a) showing the Kruss DSA 100E used for measuring droplet contact angles; b) image
of contact angle measured on the surface.
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