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Abstract

Droplet impact onto a variety of surfaces is a familiar everyday experience: from a
dripping tap to spray painting or droplets ejected during a sneeze. An underap-
preciated question, but often of great importance, is what happens to the droplet
after impacting a surface, be it solid or another liquid. For sufficiently high speed
impacts the droplet can break up into several smaller droplets in what we define as
a splash. In the case of impact onto a liquid pool the pool itself can be sufficiently
deformed such that it breaks up into droplets meaning there could be a splash
originating from either droplet or pool.

Whether or not a droplet impact results in a splash is often a consequence
of the very early time dynamics. What happens in these earliest times is of
great importance to understanding and potentially even predicting the outcome
of the impact. Whilst some insights have been found for the case of impact onto
smooth flat solids the dynamics are much more intricate in the more complex
cases considered here.

In this thesis we investigate the early time dynamics of droplet impact onto
liquid pools, curved solids, and liquid films floating on pools using a combination of
high speed imaging experiments, high resolution direct numerical simulations, and
mathematical modelling. First we analyse the early time motion of the common
interface between an impacting droplet and a liquid pool. Building upon previous
results that only considered the case of identical liquids to a general multi-fluid case
we find an explicit equation for the speed of the interface. Furthermore, we extend
this to the case of a floating film on top of a deep pool, investigating the motion
of both the upper droplet-film interface and the lower film-pool interface.

We then investigate the variation of the threshold to splash in two different
cases. The first case is the impact of a droplet onto a deep immiscible viscous pool
to examine how the splashing threshold depends on the pool viscosity. We identify
two different regimes where the splashing threshold shows a different variation
with the pool viscosity. Applying the earlier result (penetration speed) we explain
the observations and derive an equation for the splashing threshold in the case of
high pool viscosity, as well as the composition of the splashed liquid. Finally we
investigate the impact of a droplet onto both concave and convex curved surfaces,
finding a consistent change in the splashing threshold for both cases, and explaining
these results in the context of recent theoretical models.
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1.1 Droplet Impact

Droplet impact is a phenomenon that can be experienced in everyday life such as a
dripping tap or rainfall hitting the road, but despite its ubiquity its importance
is often overlooked. Impacting droplets can spread diseases, both in plants and
humans [1-3], affect the quality of an inkjet print [4-6], spread oil droplets from
oil spills [7] or even provide clues at crime scenes [§]. Early research into droplet
impact started with Worthington in the second half of the 19th century [9]. By
synchronising a falling droplet with a marble, Worthington was able to produce a
flash at the time of impact, akin to a modern stroboscope. This allowed sketches to
be made of the impact dynamics, although modern reproductions have produced
different results [6], with these as well as Worthington’s images shown in Fig. (1.1
taken from Josserand and Thoroddsen (2016) [6]. The next big development in

experimental research into droplet impact happened in the 1950s, when Edgerton
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produced iconic high speed images of droplets impacting onto pools of milk showing
the crown of liquid created during the impact . Since then the power of high
speed imaging has continuously improved allowing images to be captured at
hundreds of thousands if not millions of frames per seconds at sub micron resolution,

enabling more detailed investigation than ever before.

Figure 1.1: (a) Sketch of Worthington’s apparatus for his droplet impact experiments
and (b) Worthington’s sketches of the results of the impact of mercury droplets onto a
solid surface. (c) Modern reproduction of Worthington’s experiment captured with a high
speed camera. (d) Prompt splashing observed for the impact of a mercury droplet onto a
superhydrophobic glass surface and (e) Corona splashing observed for the impact of an
ethanol droplet on glass. Source: Josserand and Thoroddsen (2016) @

We can consider droplet impact onto several different types of surfaces, such as

rough solids [12} [13], flexible cantilevers [14H17], inclined surfaces [18-20], curved
surfaces [21H24], soft solids [25-27], deep pools [28/34], thin films or floating
layers [7, [37H39]. These different impact scenarios can result in a plethora of
different phenomena such as upwards Rayleigh jets , deep craters ,
liquid sheets [40H45], entrapped air bubbles or microbubbles [45] [49] [50].

Each of these can depend on a variety of different parameters of both the impacting
droplet such as diameter, speed, viscosity, obliqueness and the impacted surface
such as stiffness or roughness for a solid surface or viscosity, depth or miscibility for
a liquid surface. The main underlying questions about droplet impact addressed

in many of these investigations include:
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o What is the maximum spreading distance of the impacting droplet?

e What is the maximum crater depth during impact onto a liquid pool and

what happens to this crater?

o Is there an entrapped air bubble beneath the impacting droplet and what is

its volume?

e Does a jet form and in a multiple fluid case what is the composition of the

jet?

o What is the motion of the common interface between an impacting droplet

and liquid pool?

e Does the impact result in a splash and if so what are the distribution of sizes

and speeds of the ejected droplets?

o What parameters do all of these phenomena depend on?

The task of answering all of these questions has been the focus of the research
community for many years, with Josserand and Thoroddsen [6] providing a good
summary of the research into some of these questions and more. In this work
we will focus on how varying the impacted substrate properties (solid and liquid)
such as the viscosity of a liquid pool or curvature of a solid surface affects the
outcome of the drop impact, with the next section addressing in detail which of

these questions we will attempt to answer.

1.2 Thesis Goal and Outline

The aim of this work is to explore the impact of droplets onto various substrates
and to investigate how the properties of the substrate affect the impact dynamics
and subsequent outcome. We will specifically investigate two different phenomena,
the motion of the common interface between an impacting droplet and the liquid
pool or film being impacted (presented in chapters |3/ and @ and whether the impact
results in a splash (presented in chapters {4] and . It is presented as an integrated

thesis as the main content is found in the form of publications.
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Chapter 2| contains a review of the literature concerning droplet impact phe-
nomena, focusing largely on the work that has been performed into the splashing
threshold and how it can be varied (such as by surface roughness, ambient air
pressure or substrate stiffness for example). We also present an overview of the
literature on computational fluid dynamics (CFD) methods used to investigate
these and other fluids problems.

Chapter |3 then presents the first paper, Dipping into a new pool: the interface
dynamics of drops impacting onto a different liquid, where we investigate the speed
of the common interface between a droplet and the deep immiscible pool of another
liquid being impacted. Previously in this area for the impact of a droplet onto a
pool of the same fluid, it has been considered that the common interface will move
at half the impacting droplet speed [46, 47, |51, 52| and this result has been used
elsewhere, in the context of impact onto soft solids for example 25| [53]. In this
paper however for the first time we systematically investigate how this penetration
velocity varies in the case of different droplet and pool fluids, specifically how the
ratios of the pool to droplet density and viscosity affect this speed. We utilize
both experiments and numerical simulations to vary both the density and viscosity
ratios by an order of magnitude, and perform theoretical modelling via energy
balance arguments in order to find an equation for the penetration velocity. We
then validate with our data and further contextualise into the body of literature
relevant to this topic in view of notable distinguished limits.

We follow this up in chapter 4| with the second paper, Drop splashing after
impact onto immiscible pools of different viscosities, where we investigate the impact
of a droplet onto a deep immiscible viscous pool and quantify how the splashing
threshold varies with the pool viscosity across six orders of magnitude in the pool
viscosity. Our results show that there is actually a non-monotonic relationship
in the splashing threshold - it increases for small pool to droplet viscosity ratios
(tp/pa < 35) and decreases thereafter. Interestingly, we in fact find a viscosity ratio
for which we are unable to achieve splashing in either the laboratory experiments

or the numerical simulations. Our results show how the composition of the splash
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varies with the pool viscosity, where it is largely from the pool in the low viscosity
cases and from the droplet in the high. We complement this with a quantitative
investigation into the ejected jet composition, confirming our results as well as
previous explorations in specific parameter regime subsets found in the literature.
In the final part of this manuscript we use the results for the penetration velocity
of the previous chapter to model the cushioning effect the viscous pool has on
the impacting droplet. This enables us to explain the reduction in the splashing
threshold observed at high pool viscosities, and thus provide an equation for the
splashing threshold in excellent agreement with the experimental results.

In chapter |5 we continue to investigate droplet splashing phenomena with the
paper Droplet Splashing on Curved Substrates. Here we study droplet impact onto
both convex and concave surfaces, and how the curvature of these surfaces affects
the splashing threshold. We find that for convex surfaces by increasing the curvature
(i.e. impacting onto a smaller sphere) the splashing threshold increases whereas for
concave surfaces the reverse is true (i.e. more curved lenses enhance splashing). We
explain these results by using recent theory on the splashing threshold [54], which
includes greater effects of the surrounding air. From this we model how the curvature
of the substrate affects the lift force of the spreading lamella and thus its tendency to
splash, resulting in a modified splashing parameter for curved surfaces. Finally we
also investigate the effect of non-axisymmetry in impact on curved surfaces and how
this can affect the splashing dynamics resulting in a spatial distribution of the splash.

For the final paper in chapter [6] Drop impact onto immiscible films floating on
deep pools, we return to the topic of the penetration velocity, examining the impact
of a droplet onto an immiscible film floating on a deep pool of the same fluid as the
droplet. This scenario is of particular importance in real world applications where,
for example, raindrops impacting an oil slick at sea can enhance the spread of the
oil [7]. Here we investigate how the penetration velocity of both the upper drop-film
interface as well as the lower film-pool interface vary with the film thickness. We
expect limiting cases as the film thickness tends to zero, where it should behave

as if it were a single fluid case, and as the thickness tends to infinity, where the
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film itself should behave as a deep pool. Our results show how we can observe
both an increasing or decreasing trend in the penetration velocity with the film
thickness depending on the aforementioned limiting cases. We also find a limiting
film thickness above which there is no further change in the penetration speed
observed. We observe some deviation in the expected result for low film viscosities
which we attribute to interactions between the upper and lower interfaces of the
film. Finally we also investigate the motion of the lower film-pool interface and how
its motion varies with both the film thickness as well as the film viscosity which we
attribute to the delay in the impact motion being transferred through the film.
Finally in the last chapter we summarise all the results elaborated upon in this
work, and the resulting main insights. We also identify future research avenues which
can build upon the results here, and identify some of the unanswered questions

that can inspire further work.
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1.3 Publications

This work contains the following four papers:

o Fudge, B.D., Cimpeanu, R. and Castrején-Pita, A.A. "Dipping into a new pool:
the interface dynamics of drops. impacting onto a different liquid'. Physical
Review E 104.6 (2021): 065102. Available at https://journals.aps.org/p
re/abstract/10.1103/PhysRevE. 104.065102

o Fudge, B.D., Cimpeanu, R., Antkowiak, A., Castrejon-Pita, J.R. and Castrejon-
Pita, A.A. "Drop splashing after impact onto immiscible pools of different
viscosities". Published in revised format in Journal of Colloid and Interface
Science 641 (2023): 585-594. Available at https://www.sciencedirect.co
m/science/article/pii/S0021979723003995

o Sykes, T.C., Fudge, B.D., Quetzeri-Santiago, M.A., Castrejon-Pita, J.R. and
Castrejon-Pita, A.A. "Droplet Splashing on Curved Substrates'. Journal of
Colloid and Interface Science 615 (2022): 227-235. Available at https:
//www.sciencedirect.com/science/article/pii/S0021979722001564

o Fudge, B.D., Cimpeanu, R. and Castrejon-Pita, A.A. "Drop impact onto

immiscible films floating on deep pools'. Draft paper.


https://journals.aps.org/pre/abstract/10.1103/PhysRevE.104.065102
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.104.065102
https://www.sciencedirect.com/science/article/pii/S0021979723003995
https://www.sciencedirect.com/science/article/pii/S0021979723003995
https://www.sciencedirect.com/science/article/pii/S0021979722001564
https://www.sciencedirect.com/science/article/pii/S0021979722001564
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2.1 Splashing Threshold

As noted in the introduction, droplet impact can be of great importance in many
applications. Specifically whether or not the impact results in a splash can be crucial.
For example in the case of inkjet printing, if the impacting ink droplets splash on the
substrate the print quality could be severely degraded . The determination of the
splashing threshold generally consists of finding the impact parameters that result in
a splash (i.e. there is ejected fluid from the impacting droplet or liquid pool if there
is one). The impacting droplet is characterised by its diameter D, impact velocity
Vo, density pg, viscosity pg and surface tension o4 as demonstrated in Fig. 2.1

These parameters are combined into the non-dimensional groups of the Reynolds
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number, defined as Re = pgDV(/pq representing the balance between inertia and
viscosity, and the Weber number, defined as We = psDVZ/04 representing the
balance between inertia and surface tension. Sometimes the Ohnesorge number
defined as Oh:% = p1a/+/paDagq is used instead [6]. One can also include the
effects of gravity, g by including the Froude number, defined as Fr = V,/1/gD.
However for most impact problems this takes a sufficiently large value (> 1) and
thus is often not of great importance [6]. The main task therefore is to find
the values of these dimensionless groups (or some combination of the groups) for
which splashing occurs, dependent on some parameters of the substrate such as
density, viscosity or depth for a liquid pool or film or the stiffness, roughness or
curvature etc. for a solid surface or other factors such as the inclination angle.
The earliest work in this area was

performed by Stow and Hadfield |12]

and Mundo et al. [13] where they in-

D, Pds Ud> Od vestigated the impact of droplets onto

rough solid surfaces finding that the

dimensionless grouping (Wev/Re)"

needs to be greater than a certain

VO’ g threshold to splash. This dimen-

sionless grouping is now commonly

Ps, Us, 0, E, Ry, R, , ... referred to as the splashing parameter

[6, 18 135, 55, |56] with the most

Figure 2.1: Schematic of droplet, with diame-
ter, density, viscosity and surface tension D, pq,
g and oy respectively impacting at speed Vo (here in this work we will use n = 1
accelerating due to gravity g onto a substrate.
The substrate properties could include density
ps, Viscosity ps or thickness d for liquid pools ,, — 1 /2 for splashing on spheres).
or films or stiffness F, roughness R,, radius of

curvature R, for solid surfaces at an inclination Whilst these early investigations were
angle a.

common values of n being 1 and 1/2

for splashing on viscous pools and

purely experimental in nature with

the splashing parameter coming from fitting to the results, there was no theoretical

argument as to the underlying physical reasoning behind it. However, a theoretical



2. Literature Review 10

basis for the splashing parameter was later derived by Josserand and Zaleski [35],
who considered how a splashing is predicated by the formation of a jet formed
at the contact line, which eventually breaks up causing the splash. This was
however originally derived for impact onto thin liquid films in their case. There
are two competing factors: conservation of mass leading to the formation of the
jet and surface tension opposing its formation. Requiring that the formation
velocity from conservation of mass exceeds the Taylor-Culick retraction velocity
leads to a requirement that the splashing parameter has to exceed a threshold
value for splashing to occur.

Following on from these early works, several studies were performed in order to
elucidate the splashing threshold for a variety of scenarios, such as introducing a
tangential component of velocity by having oblique impacts [20, [57, |58] or moving
surface [59]. In these cases a spatial variation in splashing could be observed
where the side with a greater velocity relative to the surface, due to the additional
tangential component, having an increased tendency to splash and the side with
lower relative velocity less likely to splash. Other variants of splashing on solid
surfaces include varying the impacting droplet properties such as through having an
electric charge [60], polymer additives [61], by varying the surface properties such
as its wetting properties quantified via the contact angle [62], or via the substrate
stiffness [27]. In the latter case it was shown how a deformable substrate can
lessen the maximum pressure at the contact area of the impacting droplet, slowing
down the jet formation and thus its tendency to splash. This argument will later
be extended and quantified in our work on impact onto viscous pools presented
here in chapter 4 Another case of interest is the impact onto curved surfaces
such as spherical particles. A significant amount of research has been conducted
into finding how the maximum spreading distance of the droplet varies with the
substrate curvature [63-67], although these are however generally away from the
splashing regime. Some research has been conducted into finding the splashing
threshold, although have presented conflicting results with some showing how the

splashing threshold decreases with increasing curvature [21] (i.e. it is easier to splash
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on smaller spheres) and others showing the reverse is true . We do note however
that in some of these cases the droplets were impacting continuously meaning that
the sphere surface was not dry between each impact potentially affecting the result.

Potentially the most unexpected result was that of Xu et al. , where they
discovered that the splashing threshold can be increased, and splashing even
suppressed entirely, by reducing the pressure of the ambient gas, a factor that
had been previously entirely overlooked. Figure taken from Xu et al. (2005)
shows their results of the impact of ethanol droplets at constant speed onto
a solid surface at varying surrounding gas pressure. For the top row at standard
atmospheric pressure we can notice significant lifting off of the lamella from the
surface and vigorous disintegration into droplets. For the lower pressures there is
no longer any lamella liftoff and splashing only occurs at the higher pressure of
38.4kPa and for pressures less than this there is no splashing at all. The mechanism
suggested for this is that the breakup of the ejected jet causing the splash is

preceded by the jet lifting upwards from the surface it is spreading over. For impact

100

. Q

384

1 9

30.0
kPa

a8 o

17.2
kPa
0 ms

Figure 2.2: Time evolution of the impact of ethanol droplets at the same speed onto a
smooth solid surface at varying gas pressure showing how the splashing can be reduced
and even entirely suppressed as the pressure decreases. Source: Xu et al. (2005) |@|

0.276 ms 0.552 ms 2.484 ms
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onto another liquid this upwards motion can be caused by the displacement of
the underlying fluid, but for the case of impact onto a solid surface this motion is
caused by the surrounding gas. Therefore by varying the gas pressure this effect
can be lessened, causing a reduction in the tendency to splash. Later theoretical
work by Riboux and Gordillo [54] would greatly expand on this theory about the
air motion leading to the lifting of the ejecta sheet, providing a theoretical model
for the jet motion and the air’s effect on it introducing a new splashing parameter
including the air properties. This theory about the air having an effect on the
splashing threshold will be further investigated in chapter [5| where we will examine
how the surface geometry (specifically the curvature) affects the air motion and
thus splashing threshold. This will enable us to resolve the conflicting results
concerning splashing on spheres discussed above.

Investigation into splashing on impact onto other fluids is comparatively sparse
however, especially for the case of differing fluids. One particular case of note is that
of Kittel et al. [40], where they investigated the impact of silicone oil droplets onto
thin films of silicone oils of varying viscosities. By systematically varying the viscosity
ratio between the droplet and film they found that for viscosity ratios significantly
different from unity the splashing threshold could be characterised by the properties
of just one of the fluids. Specifically, they found that the splash was formed by the
lower viscosity liquid and that by using a single splashing parameter based on the
properties of the lower viscosity fluid in each case the splashing threshold could be
well defined. This result was supported by the work of Marcotte et al. [41] where
both experimentally and numerically they studied the impact of droplets onto pools
of varying viscosity, finding that the formed jet consisted largely of the low viscosity

fluid although the transition to splashing was not investigated therein.

2.2 Penetration Velocity

For the case of the impact of a droplet onto a solid surface the underside of the
droplet deforms due to the pressure caused by the presence of the solid surface.

Similarly, a solid object impacting onto a liquid pool will cause the deformation
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of the pool surface. For the impact of a droplet onto a liquid pool however we
would expect both the droplet and the pool to deform and their common interface
(bottom of the drop and top surface of the pool) to move at a certain speed. One
could consider that for limiting case of a very compliant pool (one with a low
viscosity or density for example) the motion of the droplet would not be significantly
affected and thus we would expect the common interface to move at the speed of
the impacting droplet. Conversely, for a very non-compliant pool (one with a high
viscosity or density) it will not undergo any significant motion and thus the common
interface speed to be effectively zero. Consequently, we expect this common interface
velocity to be somewhere between the zero and the impacting droplet speed.
The most often tackled scenario in this context is one where the impacting
droplet and pool are of the same fluid. In this case intuitive arguments have been
made that due to the symmetry of the problem between droplet and pool the
common interface should move at half the impacting droplet speed [52]. This result
was also arrived at theoretically through simple energetic balances [46, 51| with the
results verified both experimentally [46| |47, [51] and numerically [69, 70]. Extension
of this to cases where the droplet and pool differ are very sparse however. For the
related case of impact onto soft solids the penetration velocity has been taken as
half the droplet impact speeds for sufficiently soft solids and zero otherwise [53],
or some smoothly varying function (although still bounded between one half and
one) [25]. For the impact of a high viscosity droplet onto a pool Li et al. [71] found
some deviation from the half impact speed value for same fluids but did not venture
to find an explicit relation or model for it, noting that it would be non-trivial.
Therefore there is a gap in the literature concerning the extension of the same fluid

case to that of a general multi-fluid situation, which is the focus of chapter [3]

2.3 Computational Fluid Dynamics (CFD)

Alongside the development of high speed imaging techniques to experimentally
explore droplet impact phenomena in greater detail, as previously expanded upon

in the introduction, another key development in the research of fluid dynamics
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problems has been the vast increase in computer power and the subsequent use
of computational fluid dynamics (CFD) techniques to perform direct numerical
simulations (DNS). The development of methodologies dedicated to multi-phase
problems and the accurate tracking of the interfaces between phases in problems
such as droplet impact [43, 47, |72, [73] or coalescence |74, [75] or the breakup of
a liquid jet [76|, [77] are of particular importance herein.

As noted in a review of the state of the art by Fuster et al. [78], multiphase droplet
impact impact problems have several features such as "high surface tension, low
viscosity, high density ratios, complex and evolving interface topologies and spatial
scales ranging over several orders of magnitude', which make these simulations
particularly difficult. The multiphase methods must be able to handle these
difficulties in order to accurately track the interfaces between the phases to resolve
the dynamics of the problem. Consequently in order to accurately provide solutions

to such multiphase problems the following properties would be required:

« Robust representation of evolving, topologically complex interfaces - the case
of droplet impact problems often involves coalescence and/or breakup and

thus requires a method that can handle this;

o Accurate representation of surface tension, which requires accurate estimates

of interface normals and curvature;

» Robust and accurate handling of large density and viscosity ratios, as a simple
example a water droplet surrounded by air has a density ratio of ~780 and a

viscosity ratio of ~55, both considerable values that need special attention;

» Efficient representation of evolving flow features of widely different character-
istic spatial scales, for example millimetric size droplet impacts can result in

air films on the order of micrometers.

Figure [2.3|taken from Fuster et al. (2009) [78] shows an example multiphase fluids
simulation demonstrating these challenges. Herein an air bubble rupturing below
the surface of a water pool producing an upwards jet that then breaks up into several

smaller droplets. From the figure we can distinguish the large scale differences in the
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Figure 2.3: Example simulation of the jet produced by a bursting air bubble below the
water surface highlighting the challenges of such multiphase flows such as large differences
in resolution required, need to accurately resolve to curvature and breakup of the jet as
well as the large density and viscosity ratios between the fluids. Source: Fuster et al.
(2009) [78].

resolutions required from the flat pool surface at the edges to the thin jet tip itself.
Furthermore, the breakup of the tip into droplets also needs to be carefully resolved
in order to include the surface tension effects driving the breakup, as well as handling

the large differences in density and viscosity between the pool and surrounding air.

2.3.1 Governing Equations

As is the case for any fluid dynamics problem the underlying governing equations
are the Navier-Stokes (NS) equations as given in (2.1]), where D;; = (dju; + 0ju;) /2
is the deformation stress tensor, p, p and o the density, viscosity and surface
tension respectively, x and n the curvature and normal vector of the interface
respectively and d, the Dirac delta function that takes a value of 1 at the interface

and 0 elsewhere such that the surface tension term only applies at the interface
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and F is any other body force such as gravity:

p(Ou+u-Vu)=-Vp+ V- (2uD)+ orosn + F,
(2.1)
V-u=0.

For multiphase flow problems, on top of the standard fluid dynamics variables (such
as pressure or velocity for example) required to solve these governing equations,
an additional variable is required to distinguish the phases. For a two-phase case
this can be a single scalar variable which takes a value of 1 in one of the phases
and 0 in the other and a value between the two in interfacial regions [79, 80]. This
extra variable (known as a volume of fluid or VoF field) then allows other properties
(such as density or viscosity) to be expressed in terms of the VoF. For example if
we denote the VoF variable f and the values of a variable X; and X, for phases
1 and 2 respectively, then we can express the variable as X = fX; + (1 — f)Xs.
This allows us to formulate the momentum equation in the NS equations as one
single equation for both phases when expressing the fluid properties in terms of
this VoF variable. We then require an additional equation governing this VoF
variable given by eq. , which is simply a conservation equation for the VoF
field, which is a requirement that in addition to conserving the overall mass the

mass of each phase must be conserved:
Of+V-(fu)=0. (2.2)

This method can even be extended to other cases such as porous flow, where
the VoF field represents the impermeability distinguishing the movable fluid from
the immovable solid [81} |82].

2.3.2 Interfacial Tracking

The question then arises of how to track the interface between the two phases.
One of the earliest methods is the marker method, first developed by Harlow and
Welch in 1965 [83], whereby they were able to simulate dam breaking. The fluid
cells inside the dam before breaking were marked, and their trajectories, and thus

that of the overall fluid, were able to be tracked. One advantage of this method is
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that it is able to resolve details finer than the grid resolution, as demonstrated in
the thin liquid bridge shown in Fig. taken from Scardovelli and Zaleski (1999)
as the marker spacing can be smaller than the cell size. This method however
fails to accurately resolve the features if there is a significant difference in density
or viscosity between the two phases, as the finite size of the grid will not be able
to capture the varying scales in the velocity and pressure fields . Another
advantage of this method is that the interface can be represented by a polynomial
fitted to the marker points, thus allowing accurate predictions of the interface
curvature required for calculating the surface tension term as discussed above .

A second commonly used technique is the

level set method, first introduced by Osher
and Sethian in 1988, whereby the

-I | I . interface is defined in terms of a higher di-

mensional function. Specifically the func-

tion finds the signed distance from each

cell to the interface. This distinguishes the

different phases with positive and negative

Figure 2.4: Example demonstration of values of the distance function and thus
a marker method of interface tracking
showing how features, such as thin bridges,
smaller than a grid cell in size can still {5 the interface position _ At each
be captured with this method. Source

Scardovelli and Zaleski (1999) [79)]. time step the level set function is then

advected with the flow [87]. This method

the zero value of the function corresponds

is advantageous as the explicit definition of the level set function allows for convenient
calculation of interface curvature and normals required for implementing surface
tension and topological transitions are handled naturally as they automatically
evolve as the zero contour of the level set function. Figure from Gibou et al.
(2018) [86] shows a demonstration of this method with the level set function being
the red surface and the zero plane in blue. Consequently the interface between the
two phases, shown by the dark blue lines, is seen to naturally coalesce as the level

set function moves downwards from left to right in the figure as time advances. The
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Figure 2.5: Demonstration of the level set method whereby the red surface represents
the level set function with the zero plane represented in blue. Consequently the different
phases correspond to the surface of the level set function above and below the blue plane
with the interface being the blue contour. With the advancement of time from left to
right the level set function can be seen to move down and the coalescence of the two
individual interfaces occurring automatically. Source: Gibou et al. (2018) |@\

disadvantage of the level set method however is that, after the advection stage, the
distance function needs to recalculated in each time step, therefore adding to its
complexity as well as introducing errors in volume conservation , .

The final method that we will discuss here, and the one used by the Basilisk
solver utilised in this work, is the VoF method. Before progressing to the detailed
VoF functionality description, it is worthwhile introducing the software platform
which will act as the infrastructure methodology for the respective technique used
throughout the present thesis. Basilisk is an open-source partial differential equation
solver developed as the successor to Gerris , . It is widely customisable
and provides capability to handle numerous fluid dynamics problems, from small
scale droplet impact to tsunami modelling. It has been widely adopted by the fluid
dynamics research community, with many examples of papers published using the
framework available on its website [91]. Fundamental studies involving multi-fluid
systems with interfaces have been a particular point of strength of the package ,
which is why the package is an ideal choice in terms of implemented methodology
for interfacial flow aspects, which we elaborate on further. The aforementioned VoF

method is so named as it actually uses the underlying VoF field to reconstruct the
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interface, and thus has the advantages of not requiring any extra fields using one
that is already in use, naturally conserves mass due to the VoF field being governed
by a conservation equation and naturally handles topological transitions [79]. The
main task therefore of this method is how to capture the interface from the VoF field.

Figure (a) taken from Tryggvason et al. (2011) [80] shows an example
interface cutting through several cells as well as the values of the VoF field in each
of the cells from which we reconstruct the interface. One of the simplest methods
of reconstruction is the simple line interface construction (SLIC), as demonstrated
in Fig. [2.6 (b) whereby the interface within each cell is represented as a straight
line which is parallel to one of the cell edges [79, |80]. This has the advantage of
being very simple but results in large scale jumps in the interface between cells

of the order O (h), where h is the cell size, severely limiting its accuracy [79]. A

COLOR FUNCTION VOF-SLIC RECONSTRUCTION  VOF-PLIC RECONSTRUCTION
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Figure 2.6: Demonstration of interface capturing methods for the VoF method. (a) The
actual interface as well as the values of the VoF field in each cell. (b) Reconstruction
using the simple line interface construction (SLIC) where in each cell the interface is
represented by a straight line aligned with one of the cell edges and (¢) Reconstruction
using the piecewise linear interface construction (PLIC) where each interface section is

represented by a straight line with normal direction m. Source: Tryggvason et al. (2011)
[80].

second, and more accurate, method of interface reconstruction is using a piecewise
linear interface construction (PLIC) [79, 80] method. In this case the interface
within each grid point is still taken as a straight line segment, but can be at any
orientation unlike the SLIC method as shown in Fig. 2.6/ (¢). Whilst in this case

the interface is still not continuous between cells the errors are much smaller than
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in the SLIC case and depend on the local curvature as well as the cell size [80].
This results in acceptable levels of accuracy |79} |80] whilst still being sufficiently
easy to compute. Each interfacial segment is then described by the vector equation
m - X = « where m is the normal to the interface, x the position vector and «
a scalar constant to be determined. The normal vector can be found by using
finite differences to find gradients in the VoF field in the neighbouring cells [80,
93]. Once this is known the value of & can be found by geometrical considerations
knowing the required volume fraction in the cell [79} [94]. After the interface is
reconstructed for each interfacial cell, the VoF field is then advected in each time

step by the velocity field as described in Popinet (2009) [90].

2.3.3 Spatial Discretisation and Adaptive Mesh Refinement

Another challenge of multiphase flows is the changing geometry of the configuration,
for example for a single phase flow within a channel of fixed geometry the channel
boundaries can be made to be higher resolution to ensure that the flow is well resolved.
However for droplet impact problems there are interfaces between several different
phases and/or solids (e.g. droplet-air, droplet-pool or pool-solid). Furthermore
these interfaces will also be moving in time and thus one cannot know a priori
where the regions of high resolution are required. The solution to this is to use
adaptive mesh refinement (AMR), whereby the resolution of the grid is varied both
spatially and temporally in order to focus grid points in the area of interest and
thus greatly cut down on the computational cost of the simulations. Figure
taken from Popinet (2003) [89] shows an example non-uniform mesh used in Basilisk
and its predecessor Gerris. Here the mesh adopts a quadtree structure in 2D (or
octree in 3D) where each square (cube in 3D) cell cell can be further split into four
(eight in 3D) children cells. The entire domain is taken as resolution level zero
and each splitting of the cells corresponds to an increase in the resolution level by
one. Consequently, and as shown in the tree diagram on the right hand side of Fig.
, the example mesh consists of one level zero cell, four level one cells (the four

quadrants), eight level two cells (the left half of the domain), four level three and
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four level four cells. Furthermore we consider a cell to be a "leaf cell" if it does not
have any higher level children, for example the two level one cells on the right side

of the domain are leaves whereas the two level one calls on the left are not.

47777 77777777777777777777777

Figure 2.7: Example tree structure in Gerris/Basilisk showing the various levels of the
cells (left) as well as the relationship between parent and children cells (right). Source:
Popinet (2003) [89].

An advantage of the tree structure utilised here is that cells which are close
in the spatial domain are also stored close together within the computer memory
even when the resolution changes [95]. This allows for efficient access of data
between neighbouring cells required to perform calculations such as finite differences
for approximating derivatives. The quad/octree structure also allows efficient
access to data of all cells for given refinement levels as well as all leaf cells
[89], vital when performing operations on each level sequentially such as when
adapting the mesh. Further details concerning the tree structure such as the
indexing method to efficiently access neighbouring cells or extension to multiple
cores can be found at [95] 96].

Now that we have shown how we are able to vary the cell resolution in space
we turn our attention to how the mesh can also adapt in time. This enables us
to concentrate computational effort on areas of high importance, such as at the
interfaces between phases, whilst devoting fewer resources to less important areas
such as the bulk of slowly moving fluids. The adaptivity process is described
in detail in [89] whilst we will outline the main ideas and features behind the

method here as well as some extensions to the methods used in this work. For
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this process we need to identify two different groups of cells, one of under resolved
cells that need to be split into children and another of over resolved cells that
can have their children removed. In order to do this we require a criterion to
decide whether a cell is sufficiently resolved or not. In Basilisk and Gerris this is
done by selecting parameters (such as velocity or vorticity) and quantifying how
the value of these parameters varies with changing resolution. This is done by
successively up sampling the parameter to a higher resolution and down sampling
it again and comparing it to its previous value. Further details concerning the
sampling procedure to determine the error as well as the refinement method itself
can be found at [97, 98]. Defining the difference between the original value and
the sampled variable just described as x, we define a maximum acceptable value
of this difference, denoted as (. This threshold value can take different values for
each parameter considered. We then subsequently refine (increase the resolution
by adding four children cells) or coarsen (decrease the resolution by removing its

children) for each cell according to the criteria in eq. (2.3):

refine if x > (,
coarsen if x < 2(/3, (2.3)
no change otherwise.

Thus it is possible for a cell to remain at its current resolution if 2¢/3 < x < ¢
for each considered parameter. Note that we only consider leaf cells for refinement or
the parents of leaf cells for coarsening, i.e. a cell’s resolution cannot change by more
than one resolution level at a time. Furthermore, Basilisk allows for the definition of
maximum and minimum resolutions such that a cell at the maximum level cannot
be refined further and one at the minimum level cannot be coarsened. Whilst by
default these maximum and minimum resolution levels are constant throughout
the simulation domain, one development used here is to use an modified version of
the adaptivity algorithm [99] allowing for spatial variation for these maxima and
minima. The reason for this is that in certain situations we require a specific region
of the domain to be at a higher resolution in order to resolve certain features such
as the entrapped air bubble below an impacting droplet. Knowing where this will

occur, we can therefore use the modified adaptivity method to have these regions
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of interest at a higher level of resolution without having the rest of the domain at
an unnecessarily high, and thus computationally inefficient, resolution level. One
final modification is that we can also temporally vary the maximum resolution
level, this is of great use where we know that after a certain time a higher level
of resolution is no longer needed. For example whilst the initial dynamics of an
impacting droplet need a sufficiently high resolution level, the later time motion is in
general much less delicate and can therefore be ran at a lower resolution again saving
computational effort. The combination of these various adaptivity techniques allows
for much more efficient simulations producing great improvements in the number
of grid points required and thus the time to run the simulations. For example if
we consider a 2D simulation at a maximum resolution level of 12, a uniform grid
with 22 grid points in each dimension would have a total of 16,777,216 grid points,
while a typical simulations using adaptive meshes has of the order of ~ 100,000 grid
points, an improvement of over a factor of 100. Consequently Basilisk allows us to
perform high-resolution direct numerical simulations examining the most detailed of
phenomena in a very efficient way. This enables in depth parametric investigations

across several parameters of interest not otherwise feasible.

2.3.4 Three-Phase Method and Verification

Much of the work presented here pertains to the impact of droplets onto pools of
another fluid, investigating how differences in the properties between the different
liquids affect the outcome (the penetration velocity or splashing threshold and
characteristics, for example). Consequently, this is a three-phase situation as we
have the distinct droplet and pool, as well as the surrounding air requiring a three-
phase setup. One approach, and the one used in the work here, is to assign a VoF
field to each of the three phases [100, |101] and thus at each interface there are in
fact two VoF interfaces, one from each of the phases. Consequently the interfacial
tensions need to be assigned to each of the VoFs such that the overall result is
correct for each interface. The solution to this is that for each of the phases i, 7 and

k the surface tension coefficient o; is set to be equal to (0;; + 0 — 0jx)/2 where
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0;; is the interfacial tension coefficient between phases ¢ and j. From this definition
we can identify that at the interface where phases i and j meet, the sum of the
surface tension coefficients o; and o, is in fact equal to oy, the required result.
Furthermore we note that we now express the fluid properties in terms of all three
VoF fields as an extension to that given above (i.e. we can express variable X as
X = fiXy + foXo + f3X3). The advantage of this method is that other than some
minor checks to make sure that the three VoF field sum to unity, this implementation
requires very little modification to the standard Basilisk solver. This is due to the
fact that Basilisk does not make any assumptions as to the number of interfaces
when applying the surface tension, and thus handles each phase automatically as
long as the tensions are defined as above. Other methods exist such as using two
interfaces to distinguish the three phases, however this requires careful attention of
which phases are at the interface to use the correct interfacial tension [102].
With a three phase methodology in place, a key test of its validity is to verify
that it correctly resolves the triple contact point and the three interfacial tensions.
The most common way to carry out this test is via a liquid lens setup [43], [103],
as demonstrated in Fig. (a) whereby an initially spherical droplet is placed
halfway in a liquid pool surrounded by air. Due to the effect of the interfacial
tensions the droplet then deforms to assume a lens shape. By considering the
three interfacial tensions at the triple contact point at equilibrium, one can form
a closed triangle, called a Neumann triangle, from which the angles between the
three tension forces can be found and thus the equilibrium shape [103] [104]. We
note that this requires the three tensions obey the triangle inequality, otherwise
the droplet can either continuously spread and wet the surface, be encapsulated
in the pool or sit on top of it. Referring to the tensions and angles in Fig. (b)

for a phase 7 out of 7, 7 and k the angle inside phase 7 is given by

02 — 02— 2
0; = cos! <W> . (2.4)
20'ij0'ik

For the example shown in Fig. the interfacial tensions take the values of

Oap/04a=0.8 and 0,,/04,=1.2 and consequently the theoretical droplet, pool and air
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Figure 2.8: Liquid lens example showing the initial spherical droplet (a) and the
steady state lens shape (b). For the case shown here the interfacial tensions are given
by 04p/04q=0.8 and op,/04,=1.2 denoted by the arrows where the subscripts d,p and
a refer to the droplet, pool and air respectively. Note that the tensions are not drawn
to scale. The subsequent theoretical droplet, pool and air angles as defined in the right
hand image are given by 6;=99.1°,0,=124.4° and 0,=136.5° respectively whereas the
simulation values are 63=100.7°,0,=122.7° and 6,=136.1° respectively all +0.5°, a very
good agreement with a less than 2% difference at most. (c) The time evolution of the
angles showing an initial transient before converging to a constant value in good agreement
with the theory.

angles from (24) are given by 0 mhory=99.1°, O Theory =124.4° and Oy rheory =136.5°
respectively. Analysing the simulation results to extract the angles gives values of
04.5m=100.7°, 0, sin=122.7° and 0, gim=136.1° all values £0.5° which is very good
agreement with the theoretical values. Figure (c) also shows the temporal
evolution of the interfacial angles from which we observe initial oscillations in the
angles as the droplet deforms from its initial spherical shape before converging
to constant angles predicted by the theory. Omne potential explanation for the
discrepancy could be the inclusion of gravity in the simulations, which has been
shown to have an effect on the equilibrium shape , but is not included in the
theoretical prediction. This procedure has been repeated for various combinations

of interfacial tensions and has been found to be robust across a wide range of
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parameters, provided that none of the angles become too close to 0° or 180°,
a known limitation of the solver used here . Further verification tests are
performed such as finding the location of the triple contact point and comparing
it to theoretical predictions .

We also perform a second comparison, this time between simulations and
experiments, to verify the three-phase code. For this comparison we measure the
spreading distance of a 1.4 mm diameter FC-770 droplet impacting onto a 1000 ¢St
silicone oil pool at 1.72ms~!. We note that this corresponds to a typical impact
scenario seen later in chapter Figure 2.9 shows the result of the comparison
of the spreading distance (as defined in the inset) normalised by the impacting
droplet diameter. In this case, t = 0 corresponds to the theoretical time of impact
if neither the droplet or pool deformed and the initial gap at early time corresponds
to before the droplet spreading is measurable. From the plot we can observe
excellent agreement between the experiment and simulation, with the differences
potentially attributable to uncertainty in the measurement of the diameter and

velocity of the impacting droplet.
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Figure 2.9: Comparison of the spreading distance between experiment and simulation
for the impact of a 1.4 mm diameter FC-770 droplet onto a 1000 ¢St silicone oil pool at
1.72ms~! (corresponding to Re=3100, We=>500, Fr=14.7) with the spreading distance
as defined in the inset. Here t = 0 corresponds to the theoretical time of impact if neither
the droplet or pool deformed. Note the dark area underneath the centre of the droplet in
the inset is its reflection in the pool.

This result, combined with the above liquid lens case, provides enough confidence

that our three-phase setup is able to accurately capture the dynamics in both static
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and non-static cases for three-phase problems. Furthermore, it can be applied to
complement our experimental campaign, as well as provide deeper understanding
into aspects not achievable in the experiments.

One aspect not fully addressed here is the dynamics of the air film, particularly
when it becomes very thin. We note that the maximum resolution in the work
here is O(0.5 um), whereas the mean free path of air is &~ 70nm [107], an order of
magnitude smaller. Thus we will assume that the continuous assumption of the
gas flow used here is valid. Furthermore, we note that in the case of impacts onto
deformable substrates, it has been shown that, due to the substrate deformability,

the assumption of gas imcompressibilty also used here is valid [108], [109].

2.4 Summary of Review

This concludes the review of selected aspects of the literature produced by the
research community into droplet impact and splashing over the course of the last
century and a half. We have discussed the development of experimental high speed
imagining techniques and how it has allowed study in greater detail than ever before
into progressively more striking phenomena in fluid dynamics. Focusing specifically
on the area of droplet impact and transition to splashing we have explored the first
systematic investigations into the splashing threshold and the splashing parameter.
This has then been extended to finding the splashing threshold in a variety of
different circumstances such as soft solids, curved surfaces or thin films. For the
specific area of droplet impact onto liquid pools we also examined the small amount
of literature concerning the motion of the common interface between the pool and
droplet, although this has been largely limited to the cases of same fluid impacts.
Finally, we considered the development of computational fluid dynamics methods
to perform simulations of droplet impact phenomena, focusing on the developments
to deal with the specific difficulties in the area, such as tracking the interfaces

between phases and the case of three-phase simulations.
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3.1 Introduction

In this chapter we present the paper "Dipping into a new pool: the interface dynamics
of drops impacting onto a different liquid”, published in Physical Review E, where
we investigate the motion of the common droplet-pool interface following impact.
Previous work in this area has largely focused on the case of same droplet and
pool fluids, but for the first time here we introduce a general multi-fluid system.
Combining high speed imaging experiments with direct numerical simulations we
quantify the effect of differing densities and viscosities between the droplet and
pool, showing significant deviations from the half impact speed previously found

for same fluid impact. In order to accurately account for differing fluid properties

28
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between the droplet and pool in the presence of the surrounding air we implement
a fully three-phase simulation setup and extensively test it.

We extend upon the simple energetic model derived for same fluid cases to a
general multi-fluid formulation, taking into account the differing kinetic energies
as well as the viscous dissipation in the pool. Consequently we derive an equation
for the penetration velocity in terms of both the density and viscosity ratios and
impacting droplet parameters. The resulting model shows very good agreement
with both the experimental and numerical results as well as those previously
reported in the literature.

Furthermore as part of this work, and as detailed in Appendix B, we develop
a novel algorithm for tracking the common interface of the pool and droplet,
accounting for any entrapped air film or bubble allowing for accurate measurement
of the interfacial velocity. This tracking method proves to be robust even for cases
where there is significant differences in the droplet or pool properties, causing strong
displacement of the bubble into either phase. This method has been tested on and
is applicable to both experimental and numerical results, and could prove to be
of great use in scenarios where the (potentially unavoidable) entrapped bubbles

could affect the analysis of results.
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When a drop impacts onto a pool of another liquid, the common interface will move down at a well-defined
speed for the first few milliseconds. While simple mechanistic models and experiments with the same fluid used

for the drop and pool have predicted this speed to be half the impacting drop speed, this is only one small part in

arich and intricate behavior landscape. Factors such as viscosity and density ratios greatly affect the penetration

speed. By using a combination of high-speed photography, high-resolution numerical simulations, and physical
modeling, we disentangle the different roles that physical fluid properties play in determining the true value of

the postimpact interfacial velocity.

DOI: 10.1103/PhysRevE.104.065102

I. INTRODUCTION

Drop impact onto a pool—of the same or a different
liquid—is of great interest due to its occurrence in a wide
range of natural and technological situations. Raindrop impact
onto leaves [1] and oil spills in oceans [2] or paint drops onto
wet coatings [3] and inkjet printed drops onto liquid layers
[4,5] are just a few examples of this ubiquitous phenomenon.

Just prior to impact, the underside of the drop and the top
of the pool deform as a result of pressure build-up due to the
gas between these compliant surfaces. This may lead to the
entrapment of a gas film or disk which either collapses into
a bubble, splits up and forms bubble rings, or ruptures into
microbubbles [6—8]. Nevertheless, the drop-pool interface will
continue to move downwards at a well-defined velocity. This
penetration velocity is crucial in estimating the volume of the
entrapped bubbles postimpact onto liquid pools, films [9,10],
and soft solids [11-13].

The impact of a drop onto a different liquid has been
studied in the context of the contraction of the air layer caught
between two different liquids [14], the formation and subse-
quent collapse of thin hemispherical air sheets [15] and liquid
craters [16,17] on impact, splash dynamics and composition
of the ejecta sheet when varying the pool’s viscosity [18,19],
thickness [20,21], and density [22]. A simple energetic model
proposed by Tran et al. [9] postulates that the penetration
speed is half that of the impacting drop when the drop and
pool consist of the same liquid. Hendrix et al. [23] arrived
at the same result intuitively by noting that in a liquid-liquid
impact there are two deformable surfaces and thus the velocity
should be halved. This was conjectured to hold for impact
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fradu.cimpeanu @warwick.ac.uk
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2470-0045/2021/104(6)/065102(10)

065102-1

onto sufficiently soft substrates but that it would probably de-
pend on the target stiffness [11,13]. While impact onto pools
of different liquids is ubiquitous in nature and has been studied
before in the context of splashing [19] and liquid lenses [21],
the role that the liquid properties play on the penetration speed
when the drop and the pool do not consist of the same liquid
has not been considered in great detail before, with previous
investigations [24] highlighting that the relationship would be
nontrivial.

In this paper, we investigate the impact of drops onto deep
pools of another liquid for a wide range of density and viscos-
ity ratios. We apply a combination of high-speed imaging and
high-resolution direct numerical simulations (DNS) to extract
the speed at which the center of the drop-pool interface moves
on impact.

II. EXPERIMENT

As shown in Fig. 1(a), drops are generated by a stainless
steel needle by the action of syringe pump and fall under
gravity and impact onto a 20-mm-deep pool below, filled
with a range of liquids. These impacts are captured by two
high-speed cameras in a shadowgraphy configuration. One
camera (Miro 310Lab) acquires images of the impacting drop
at 20000 frames per second, from which its diameter and
impact velocity are extracted. The second camera (Phantom
v2512) records the deformation of the pool at 100 000 frames
per second, from which the interface velocity is extracted.
Different combinations of working fluids are used to achieve
a range of density and viscosity ratios, as shown in Table I,
where o, denotes the fluid-air interfacial tension. Further de-
tails on the drop-pool surface tension coefficients are provided
in Sec. III. In order to concentrate on the effects of the
physical property variation (in particular contrast in density
and viscosity between the impacting drop and the pool), we
have selected our fluids to be immiscible in both experiments

©2021 American Physical Society
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FIG. 1. (a) Diagram of the experimental setup. Two cameras
observe the drop impact above and below the surface of the pool.
(b) Sketch of the axisymmetric simulation domain in its initial state.
(c) Zoomed-in view showing the adaptive mesh refinement, achiev-
ing spatial resolutions down to 0.5 pm.

and throughout the theoretical exploration. This preserves the
sharpness and natural description of the interface location that
allows us to compute the relevant metrics. The setup also
remains consistent in cases when surface tension coefficients
between droplet and pool are set to zero, thus reducing to
same-fluid impact.

III. DIRECT NUMERICAL SIMULATIONS

High-resolution simulations are performed using the open-
source software Basilisk [25-27]. Figure 1(b) illustrates the
simulation setup, with a typical axisymmetric run amount-
ing to O(10°) computational cells, down to a resolution of
0.5 pum (corresponding to ~1860 gridpoints per diameter),
while making extensive use of adaptive mesh refinement and
parallelization capabilities. Furthermore, as we are interested

TABLE I. Properties of fluids used in the experiments.

Fluid pkgm™3) u(P) o,(mNm™)
5 ¢St silicone oil (SO) 916 4.6 19.7
20 cSt silicone oil (SO) 953 19.1 20.8
Water 1000 1.0 72.0
Fluorinert FC-40 1855 4.7 16.0
5 cP water-glycerol (W-G) 1053 4.9 68.9

in investigating the effects of varying the properties of two
different liquids in the presence of a surrounding gas, a
full three-phase implementation is used. This allows us to
independently vary the fluid properties while tracking the
interfaces of each phase separately.

The simulation setup itself consists of a drop of nondimen-
sional size 1 within a domain of size 2.2, with the drop center
initially 0.55 units above the pool surface (i.e., an initial sep-
aration of 0.05D). The domain size is found to be sufficiently
large that the domain boundaries do not affect the simulation
results, specifically the bottom boundary. The drop nondimen-
sional density and initial velocity are both set to be 1, and
the nondimensional viscosity, surface tension, and accelera-
tion due to gravity are set to produce the correct simulation
values of the Reynolds number Re,;, the Weber number We,
and the Froude number Fr,; (as defined in Sec. IV). For the
particular choice of 5 cP water-glycerine solution impacting
onto the Fluorinert FC-40 liquid, the interfacial tensions are
04a = 72mNm™!, 0, = 16 mNm™', and 04, = 52 mNm~'.
For all other cases they are set to replicate the tension coef-
ficients for the 5 cSt silicone oil combination namely o4, =
0pa = 19.7 mNm~!, o4, = 0 mNm~". The air and liquid pool
nondimensional properties are set according to the ratios of
the physical values to those of the drop. Additional detailed
information on the computational framework, including the
three-phase implementation, validation, and dedicated post-
processing techniques, is provided in Appendix A.

IV. EXPERIMENTAL VALIDATION

A comprehensive set of runs is conducted with drop
property-based dimensionless grouping definitions, namely
the Reynolds number Re,; = p,VoD/ug = 52.25-1110.2,
Weber number We, = pgVi?D /04, = 3.3-53.4, Froude num-
ber Fry; = Vy/+/gD = 2.7-11.4, and the modified Ohnesorge
number [10] Oh, = wq/./Pa0ae = 0.091-3.695, where pq
and p, denote the constant density and viscosity of the drop,
respectively, Vp its impacting velocity, D its diameter, o4, the
constant surface tension coefficient between the drop and the
surrounding air, and e is the mean thickness of the air film,
as defined in Reference [10]. Similarly, p, and wu, refer to
the density and viscosity of the pool. A modified Reynolds
number based on the drop density and pool viscosity Re =
paVoD/ ), = 3.27-3344 will also become useful when mod-
eling and describing the observed phenomena in Sec. V. The
velocity of the drop-pool interface at the center of impact
is denoted by V, giving the normalized penetration velocity
V = V/V,. In this paper we focus on understanding the effect
of varying the viscosity ratio p, = i,//tq and density ratio
pr = pp/pa between the pool and the impacting drop, respec-
tively, on the penetration velocity V.

Figure 2 shows simulation and experimental snapshots for
a 2.56-mm drop of a 5 cP water-glycerol solution impacting
a FC-40 pool. Overlaid images for over and under the liquid
surface demonstrate excellent agreement, confirming the ac-
curacy of the three-phase numerical approach. Furthermore,
we conduct a systematic comparison of numerical simulations
and experiments by quantitatively investigating the temporal
evolution of the interface displacement, D,. Details of the
image analysis technique utilised to account for irregularities

065102-2



DIPPING INTO A NEW POOL: THE INTERFACE ...

PHYSICAL REVIEW E 104, 065102 (2021)

FIG. 2. Comparisons between an experiment and direct numerical simulation for a 2.56-mm diameter drop of a 5 cP water-glycerol solution
impacting a FC-40 pool at 0.502 ms™! with Re; = 274.1 (Re = 285.8), We, = 9.4, Fry, = 3.2 at —0.079, 0.171, 0.393, and 0.837 ms after
impact from left to right corresponding to dimensionless times —0.015, 0.034, 0.078, and 0.166, respectively. Top row: View from underside
of the pool surface; bottom row: left-half side, view above pool; and right-half side, simulation results showing the magnitude of the velocity

field. Interface contours are extracted from the numerical data.

in the interface are presented in Appendix B. Figure 3 shows
the temporal evolution of the pool depth for three different
sets of experiments and simulations: (i) drop and pool are of
the same liquid (5 ¢St SO drop impacting on a 5 ¢St SO pool,
pr =1, p, = 1), (ii) liquids have approximately the same
density but different viscosities (20-cSt SO drop on 5 ¢St SO
pool, p, = 0.964, w, = 0.24), and (iii) liquids have approxi-

0.7

® Exp Data (Tran et al., 2013)

@ Exp Data - 5¢St SO on 5¢St SO
0.6 H=—=DNS Results - 5¢St SO on 5¢St SO
@ Exp Data - 20¢St SO on 5¢St SO
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FIG. 3. Displacement of the center of the drop-pool interface
for experiments and numerical simulations for three cases: ® drop
and pool are of the same liquid [Re, = 197.7 (Re = 197.7), We, =
26.6, Fry, = 4.5,V = 0.503 £ 0.002], ® liquids have approximately
the same density but different viscosities (1, = 0.24 and Re,; =
58.4 (Re = 243.3), We, = 29.7, Fry = 3.9, V =0.537 4 0.003),
and © liquids have approximately the same viscosity but differ-
ent densities (p, = 1.76 and Re, = 274.1 (Re = 285.8), We, =
9.4, Fry = 3.2,V = 0.469 + 0.005). @ represent experimental data
from Ref. [9], for conditions similar to ®@. Different lines show the
numerical results.

mately the same viscosity but different densities (5 cP W-G
solution drop on FC-40 pool, p, = 1.762, wu, = 0.95). For
the 5 ¢St SO drop onto the same liquid case we also compare
our findings against experiments presented in Ref. [9] at much
lower acquisition speeds. This setup enables cross-validation
against state-of-the-art results, while also providing a first
glimpse into multiliquid systems with substantially different
properties. It readily becomes clear that varying liquid prop-
erties has a substantial effect on the penetration velocity.

V. MATHEMATICAL MODELLING

In order to better understand these effects, we develop a
general model for nonmatching liquids inspired by the energy
considerations first described by Tran et al. [9] for the case of
identical drop and pool liquids. Before impact, we consider a
spherical cap with density p,, volume €2, and velocity Vj, with
preimpact kinetic energy given by E = p,QV{/2. At a time
t after impact, we assume this volume takes the shape of a
hemisphere of radius R, and thus Q2 = 271Rf’7 /3 moving at the
penetration velocity V, with kinetic energy EL, = p,Q2V?/2.
At this time, the pool has been displaced and its motion
assumed to be confined to a cylinder with radius R, and
height 2R, (and hence volume 3£2) moving at the penetration
velocity V, with kinetic energy EL = 3p,22V?/2 (the same
result is obtained by assuming a radial flow field in the pool
[28]). Equating the preimpact (E3) and postimpact (EL, + E5)
kinetic energies and solving for the normalized penetration
velocity we obtain the inviscid model V = 1/4/T + 3p,. Note
that for the case p, = 1 (i.e., drop and pool of equal density),
we recover the oft used result of V = 1/2[9,10,12,13].

The viscous energy dissipation rate per unit volume in
axisymmetric coordinates is given by €,(r, z) = 2,LL[(%)2 +
(&) + (33—‘2)2] + u(aa—‘;’ + %)2, where V, and V, are the ra-
dial and axial velocities, respectively [29]. This indicates
that viscous dissipation scales as uV?/D?, where the drop
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diameter is taken as the reference length scale. The viscous

dissipation in the pool (up to time ?), Eu’ can be expressed

as €,2, 7, where €,, ©,,, and T represent the viscous dissi-

pation rate per unit volume, volume over which the viscous

dissipation occurs and the characteristic tirne for the im-
/‘Lp — kl upV

D2 /4 - kZQ
where k; and k, are dlmensmnless constants, we

pact, respectively Taking €, ~
and T = v ,
can now write E,’,v = i’g’v V2, where C = 2kk, is a dimen-
sionless constant. Includmg this term in the original energy

balance results in Vi = V2 +3p,V? + Cpl“[;’voV2 By using

Re, and viscosity ratio, u,, we find the penetration velocity

. 1
V= , (D

L+ 3p, + gt

By relaxing the assumptions about the postimpact flow
field and replacing the prefactor of three in front of the density
ratio with another fitting parameter (denoted A), we obtain a
compact two-parameter model

_ 1
V= . (€3]
c
1 + A/Or + Eﬂr

This leads to a simple yet versatile tool to investigate the
influence that both different viscosity and density ratios play
in establishing the penetration velocity. The fixed values for
the constants C and A are obtained by fitting the models to
our entire dataset consisting of 54 numerical results. For the
one-parameter model (1), the best fit value of C is 19.1537,
while for the two-parameter model (2) the values of C and
A are 24.3983 and 2.7096, respectively For the conditions
explored here, a typical value for ﬁ is ~0.25. At first glance
this seems to imply that the effect of density on the pene-
tration velocity is significantly greater than that of viscosity.
We emphasize, however, that in real-world situations viscosity
ratios much larger than density ratios are often encountered:
Silicone oils can span seven orders of magnitude in viscosity,
whereas density ratios rarely exceed a factor of 10.

It is possible to further simplify the modeling frame-
work by noticing that the ratio of viscosities provides useful
physical insight but artificially increases the number of dimen-
sionless groupings in expressions (1) and (2), given that the
simplified model does not depend on the droplet viscosity. A
natural way to address this issue is to make use of the pre-
viously defined modified Reynolds number Re = p,VoD/1 s
where the droplet density and the pool viscosity are used
instead. This leads to an expression which, beautifully, only
depends on two dimensionless parameters, p, and Re, in the
form

V= ! 3)

J1+A4p, +CRe '

as a counterpart to the previous two-parameter model (2).

In the subsequent discussion we will refer to models (1)
and (2) in order to first isolate the individual contributions of
the studied physical property ratios (density and viscosity),
ultimately summarising our insight using the compact toolkit
provided by the updated expression (3).

VI. DISCUSSION

Figure 4 illustrates the penetration velocity against (a)
the density ratio and (b) the viscosity ratio for our simula-
tions, experiments, and proposed models (1) and (2) alongside
inviscid-theory predictions [9]. For the simulations in each
case the drop properties are held constant (corresponding to
aD = 1.9mm 5 ¢St SO drop) while V;, and p, or u, are var-
ied independently. For the numerical results, the penetration
velocity for each impact event represents the velocity of the
interface averaged over 0.1 dimensionless time from the mo-
ment of impact and this is equivalent to ~300 to ~600 us. In
some cases, for both experiments and numerical simulations,
the penetration speed varied slightly due to the presence of
entrapped bubbles or due to the rapid collapse of the trapped
air film immediately after impact; however, these disturbances
were short lived and our method (fully described in Appendix
B) was found to be sufficiently robust to account for these
features. Also included are experimental results for different
combinations of fluids, with each point obtained from averag-
ing at least 10 impact events (error bars are smaller than the
symbols in some cases).

Figure 4(a) shows the theoretical models correctly display
the overall trend for the experiments and simulations. The
penetration velocity decreases as p, increases as the pool
becomes less compliant. For density ratios less than unity the
inviscid model can be interpreted as an upper limit of the
theoretically predicted penetration velocities, whereas both
the one- and two-parameter models (1) and (2) correctly
capture the observed variations with changes in the impact
velocity (and thus Rey). This is expected, as even when we
consider the pool density becoming very small, the compli-
ance induced by the pool viscosity still plays a role. For
density ratios greater than 1, both new models, as well as
the inviscid model, overpredict the penetration velocity. We
hypothesize that the large density of the pool in these cases
significantly affects the underlying modeling assumptions of
the energy balance. By inspecting simulation data for these
cases we notice that the motion within the pool is confined to a
small region close to the drop interface, whereas the energetic
balance assumes that the volume of the pool that moves is the
same for all density ratios. Future modeling could therefore
focus on how the pool motion depends on its density and thus
more accurately quantify the kinetic energy associated with
the pool motion. Another possible direction would be to adopt
a conservation of momentum approach. Preliminary work
has revealed potential benefits in describing high-density-ratio
cases.

For the widely reported case in the literature of same
drop and pool fluids (i.e., p, = 1, u, = 1), our experiments,
numerical data and theoretical models confirm that the nor-
malized penetration velocity is very close to the frequently
used value of 0.5 (for all considered Re;). Our results reveal,
however, that changes in the physical properties of the liquids
used lead to vastly different outcomes, with penetration veloc-
ities spanning 0.1-0.9 across the wide range of fluid properties
considered here.

The effect of varying the pool to drop viscosity ratio while
keeping the density ratio fixed is also comprehensively inves-
tigated, with the results presented in Fig. 4(b). We find that the
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FIG. 4. Penetration velocity including simulations, experiments, and models for (a) fixed viscosity ratio and varying density ratio and
(b) fixed density ratio and varying viscosity ratio. In each case the droplet corresponds to a D = 1.9 mm 5 ¢St SO drop impacting at either
1.1, 0.55, or 0.275 ms~!, with the pool density or viscosity varied to produce the correct ratio. Note the abscissa is logarithmic in the main
figure and linear in the inset. Where error bars are not visible they are smaller than the symbol itself. The numbering of the experimental results
(@) is consistent between (a) and (b) and are as follows: (1) 5 ¢St SO drop on 5 ¢St SO pool Re,; = 197.7 (Re = 197.7), We, = 26.6, Fr; =
4.5; (2) water drop on water pool Re; = 1110.2 (Re = 1110.2), We, = 6.6, Fr; = 2.7; (3) 5 cP water-glycerol solution drop on FC-40 pool
Re, = 274.1 (Re = 285.8), We, = 9.4, Fr, = 3.2; (4) 20-cSt SO drop on 5 ¢St SO pool Re; = 58.4 (Re = 243.3), We, =29.7, Fr, =
3.9; and (5) 5 ¢St SO drop on 20-c¢St SO pool Re; = 201.9 (Re = 48.5), We, = 27.0, Fr, = 4.4. The range 3.27 < Re < 3344 is explored
in panel (b). ® represents DNS run with same conditions of experimental point denoted by ®. Representative videos are presented as part of

Appendix D.

effect of the viscosity ratio is comparatively smaller, being
particularly minor for viscosity ratios less than 1. This is,
however, entirely expected; as noted above, the coefficient of
the viscosity ratio in the fitted models is an order of magnitude
below its density ratio counterpart. The difference between
the one- and two-parameter models (1) and (2) is most pro-
nounced for low-viscosity ratios. In this regime the viscous
contribution is small and therefore it is the density coefficient
that determines the displacement velocity. While the two-
parameter model (2) has increased accuracy, there is scope
for improvement. Figure 5 shows the data plotted using the
updated expression (3) based on the modified Reynolds num-
ber Re, which elegantly collapses the dataset onto this new

0.7 T T T
A DNS Results - Req= 52.25
8 DNS Results - Req= 104.5
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FIG. 5. The dataset from Fig. 4(b) showing the penetration ve-
locity as a function of the composite Reynolds number Re for density
ratio p, = 1. The inset represents the same plot with linear scale for
the abscissa. While in this case the droplet-based Reynolds number
Re, is not relevant, the distinction between the points is retained in
order to facilitate comparisons to Fig. 4(b).

dimensionless grouping. This result demonstrates the asymp-
totic behavior of V for large values of Re, further confirming
the description above. For small viscosity ratios the majority
of the viscous dissipation occurs within the drop rather than
the pool (as discussed in more detail Appendix C)—an aspect
deemed negligible in the models. Attempts to include this
effect have, however, led to overfitting and ultimately loss
of generality. Furthermore, previous work [30] into droplet
impact onto solid surfaces has shown that, for low-speed
impacts, the viscous dissipation due to the presence of the
air layer can become significant. We have looked into this
effect for the setup presented here, with more details also
presented in Appendix C. Our results indicate that the contri-
bution of the air toward the total viscous dissipation does not
translate into a significant effect on the penetration velocity
even for comparatively lower Reynolds numbers. While the
presence of the gas may significantly affect the dynamics in
droplet-solid impacts, the deformable nature of the impacted
surface appears to mitigate these effects over the regimes and
timescales of interest here.

We also revisit recent results in the literature in order to fur-
ther contextualize the predictive power of our derived model.
For the case of a 500-cSt SO drop impacting onto a 1-cSt
SO pool (with u,~0.002, p, = 0.843), Li et al. [24] report
a normalized penetration velocity of 0.54 £ 0.02. While the
exact Reynolds number for this case is not provided, the range
of Rey is given as 1145 < Re; < 8500 and thus, combined
with the very small viscosity ratio, we find it justifiable to
consider the viscous term in the model when calculating V as
being negligible. This is further supported by Fig. 4, where
for very low viscosity ratios we found that the penetration
velocity varies only weakly with u,. Thus substituting p, =
0.834 in (1) and (2) and ignoring the viscous term we obtain
V =0.534 and V = 0.554, respectively, both of which are
in good agreement with previously reported findings in this
regime [24].
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VII. CONCLUDING REMARKS

In this study we uncovered and systematically investigated
the rich behavior of the impacting front between a drop and
pool in the context of general multiliquid impingement sce-
narios. Motivated by the commonplace strong discrepancies
in physical properties (density and viscosity) between the
impactor and its target, we used high spatial and tempo-
ral resolution experimental methods to capture a previously
unrecorded level of detail, as well as direct numerical simu-
lations capable of discerning the delicate multiscale features
within such challenging contexts. We constructed a theoret-
ical model accounting for all of these parameters, building
on previous simpler single-liquid inviscid approaches. We
showed that both trends and quantitative predictions for the
impacting front velocity can be encapsulated as part of a
simple formula V~[1 4 2.71p, + (24.3983/Re )1~ "/? ~
(1 +2.71p, +24.3983Re)"'/2, with predictive capabilities
spanning three orders of magnitude in density and viscosity
ratios, as well as a wide range of impact conditions described
by 50 < Rey < 1110 or 3.27 < Re < 3344. This allowed us
to unfold and explain a rich landscape of impact front be-
haviors, with significant departures from the typically used
V = 1/2 formula derived in single-liquid impingement sce-
narios. In particular, it allowed us to determine that the main
contribution to the penetration velocity is the inertia due to
the differing densities of the drop and pool. Furthermore, we
have characterised the non-negligible decrease in the impact
velocity found as the viscosity ratio between the pool and drop
is larger than unity, while also theoretically and experimen-
tally confirming that the penetration velocity does not change
significantly should the pool viscosity be lower than that of the
drop. The developed framework provides substantial insight
into general multiliquid systems of interest for the first time,
which is particularly relevant given that more often than not
drops will impact different fluids—when painting, printing,
and even cooking.

The raw data, as well as the code supporting the numerical
findings of this study, are available from the corresponding
author upon request.
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APPENDIX A: NUMERICAL SETUP AND VALIDATION

In what follows we provide relevant details on our DNS
setup, as well as information on the typical computational
effort required to ensure accurate and robust results in this
context. We have developed our code as part of the Basilisk
[25] package, an open-source second-order accurate in time
and space partial differential equation solver, employing the

volume-of-fluid (VOF) method for interfacial flows. With
these simulations we are able to both validate against our
own experimental results (as well as previous studies in the
literature), complement them with flow information which is
difficult to image or extract, as well as investigate a wider
range of density and viscosity ratios that may not be exper-
imentally feasible.

One of the strengths of this computational platform in
the context of rapidly evolving multiscale interfacial flows
rests in its ability to employ both adaptive mesh refinement
(AMR) and parallelization capabilities. Figure 1(c) shows the
snapshot of the flow demonstrating the spatial variance of the
resolution level to be focused around the drop and pool inter-
faces. In this case the mesh is adapted based on changes in
the magnitude of the velocity field and interface location. The
saving from using AMR is considerable (by at least an order
of magnitude in our context), reducing the number of degrees
of freedom down to O(10%), which is tractable using sufficient
computational power. Up to 2500 CPU hours extending over
32 threads have been employed to ensure submicron resolu-
tion and a sufficient level of accuracy for robust results. Mesh
independence, comparison to experimental data (elaborated
on in Sec. IV), as well as early validation to the multifluid
liquid lens literature [21,31] have been conducted to ensure
the reliability and reproducibility of the numerical results.
In regimes of interest it was generally found that a smallest
computational cell size equivalent to approximately 2000 cells
per drop diameter was required for robust behavior. Tests with
up to 4000 cells per diameter were frequently conducted to
affirm the quality of the results, with 8000 cells occasionally
employed over early timescales in order to ascertain the level
of detail needed for the most delicate simulations described by
either larger impact velocities or stronger contrasts between
physical properties of the impacting drop and the pool.

In order to measure the pool displacement velocity the
simulation outputs the pool, air and drop interfaces every
0.001 simulation time (of a maximum simulation time of up to
0.6, corresponding to a physical time of between 1 and 4 ms).
Numerically obtained drop interfaces are then postprocessed
in MATLAB in order to extract the center line position of
the interface as detailed below from which the penetration
velocity is found.

Specifically for this problem we need to use a three-phase
version as we need to be able to simulate the motion of the
pool, drop, and surrounding air. In order to do this, instead of
using the standard one VOF field used in a two-phase simula-
tion (as performed previously in, e.g., Ref. [19]), we use three
fields, one for each phase. Consequently, each fluid property
(for example, density) is expressed in terms of these three
VOF fields, and here we use the arithmetic mean for the den-
sity and the harmonic mean for the viscosity as this produces
more stable results at large viscosity ratios. Furthermore, in
the three-phase case, as there is a VOF for each fluid, this
means that at each physical interface there are actually two
VOF interfaces. Consequently, the surface tension coefficient
for each VOF is set such that at each physical interface the
surface tension coefficients of the two present VOFs sum to
produce the correct interfacial tension. Specifically for phase
i of phases i, j, and k the surface tension coefficient o; is set to
be equal to (o;; + oix — 01 )/2; consequently, if, for example,
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there was an interface between phases i and j then o; and o
would sum to o;;, the correct value.

As well as verifying the code with comparisons to exper-
iments performed here and in the literature reported below
the three-phase solver was also verified by simulating the
case of a liquid lens whereby a spherical drop is initialized
at rest in a pool and subsequently attains the shape of a lens
due to the three different surface tension forces acting on
it. The equilibrium values of the interface angles from these
simulations are then extracted and compared to the theoretical
ones showing good agreement and thus that the three-phase
solver is performing as it should. A similar approach to verify
a three-phase solver using liquid lenses was performed in
Ref. [21].

APPENDIX B: INTERFACE VELOCITY CALCULATION

As the main aim of this work is to find the drop penetration
velocity which to do so we need to track the displacement of
the liquid-liquid interface as part of the impingement process.
The technique used should be sufficiently robust to accurately
discern the quantities of interest even in our more general
setup with potentially vastly different density and viscosity
ratios between drop and pool, which we show can introduce
substantial variance in the dynamics. The presence of the air
film between the pool and drop which ruptures during the
impact contracting into a central bubble can make the tracking
of the pool motion ambiguous.

Figure 6 shows the results of four different methods of
tracking the pool motion and the effect that the bubble has.
When tracking the top or the bottom of the bubble (which
corresponds to the underside of the drop or the top of the
pool, respectively) the contraction of the ruptured air film
into a central bubble causes a large deviation from the overall
pool motion resulting in a large disturbance to the measured
velocity. One possible way to avoid this would be to track
the midpoint of the bubble as one might assume that the
deviations on the top and bottom would cancel out producing
a smooth measure of the pool displacement. As is seen from
Fig. 6, this produces an improved result, with only minor
velocity deviations. However, looking at Fig. 7, we can see
that when the density or viscosity ratios are far from 1 the
bubble can become displaced either upwards into the drop
or downwards into the pool. In these cases the bubble center
point does not correspond to the drop-pool interface location
and the motion of the bubble into the pool or drop can drasti-
cally affect the measured velocity.

For this reason we introduce a new way of finding the
pool position by extracting points on the drop-pool interface
sufficiently far away from the central bubble(s) and fitting a
quadratic to these points to find where the interface would
be in the absence of the entrapped bubble. Figure 7 shows
the results of the proposed methodology for identical and
different pool and drop densities and viscosities, from which
it can be seen that this method produces excellent results even
for significantly varying physical properties. As can be seen
in the case of equal density and viscosity ratios, the fitting
method and bubble midpoint produce very similar results but
the greatly increased performance is seen for when these ratios
are different and the bubble detaches and becomes encapsu-
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FIG. 6. (a) The front displacement and (b) velocity against sim-
ulation time for four different measurement techniques. In the case
of tracking either the top or bottom of the bubble (corresponding
the underside of the drop or the top of the pool, respectively) the
contraction of the air film into a bubble produces large variations
in the displacement and thus velocity. Following the middle of the
bubble lessens this effect, but it is still visible in the velocity. By
fitting a quadratic function to the profile of the underside of the drop
(as demonstrated in Fig. 7), an accurate measure of the front motion
can be found. In this case the simulation corresponds to the impact
of a 5 ¢St SO drop onto an identical pool with Re; = 104.5 (Re =
104.5), We,; = 26.724, and Fr, = 4.0 at resolution level 12.

lated into the drop or the pool. The temporal results for one
such fitting method can also be seen in Fig. 6, where there are
no perturbations to the motion visible. Furthermore, as stated
in Sec. VI, the penetration velocity was found by averaging
the pool velocity over 0.1 dimensionless time units. During
this interval, the instantaneous velocity remained constant to
within ~2% of the average velocity for the vast majority of
analyzed scenarios (see negligible error bars in Fig. 4 as rele-
vant proxy for the error magnitudes). The least-well-behaved
result can be seen in Fig. 4(b) for a large viscosity ratio u, =
16 and a more violent impact, in which case instantaneous
velocities still remained within 4.5% of the average velocity
reported. Simulations and experiments also agreed very well
(as demonstrated in Fig. 2). The theoretical model, on the
other hand, only offers a constant value for the penetration
speed, as it is not a dynamic model and, as described in the
text, offers information relevant to a short time after impact.
Due to the available computational resources, the simulations
ran for 0.6 dimensionless time units. As shown in Fig. 6, the
penetration speed V/V; hardly changes fromt = 0 tot = 0.25
(dimensionless time, equivalent to 800 us for this particular
case), consistent with the experimental values for most cases.
As the bulk of the drop continues to penetrate, further viscous
dissipation, buoyancy effects, drop and pool deformation,
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FIG. 7. Comparison of the different methods for tracking the interface position for (a) p, =1, u, = 1,1t =0.116; (b) p, =4, u, =1,
t =0.216; (c) p, =1, u, = 0.5, = 0.216; and (d) p, = 1, i, = 1 at early times (t = 0.016) just after the rupture of the air film. In all cases
the impact conditions are Re,; = 104.5 [Re = 104.5 except (c) where Re = 209.0], Weq = 26.724, and Fr, = 4.0 at resolution level 12. In
each case the inset shows the bubble region in detail with the maroon square, triangle, and circle showing the bubble top, middle, and bottom,
respectively and the cyan triangle the position of the interface by fitting a quadratic to the drop underside. The quadratic function is fitted to
the points marked in green on the underside of the drop a sufficient distance away from the central bubble. The black line then shows the result

of this procedure.

capillary waves, and effects due to the presence of the bot-
tom of the pool, etc. will result in the penetration velocity
eventually changing, a detail that is not captured here. We
have tested this algorithm across our target parameter space
and found it to be both reliable and efficient. The geometri-
cal reconstruction procedure was found to be sensitive over
short timescales only in extreme scenarios in which mul-
tiple topological changes such as coalescence and rupture
events happen in very quick succession or are particularly
rapid. These were observed in isolated cases toward the high-
est end of our tested impact velocities (e.g., water-glycerol
drop dataset in Fig. 3), with the algorithm still providing
meaningful insight into the target interfacial evolution even
in these difficult conditions. The proposed fitted interface
method proved to be an excellent tool for the target dynamics,
which included complex scenarios in which oscillations in the
bubble formed following the rupture of the trapped gas film
were observed in the present exploration, while also being
relevant to regimes investigated in other recent studies [10].

APPENDIX C: EFFECT OF VISCOUS DISSIPATION

When deriving the model accounting for the affect of vis-
cosity we assumed that its effect was to cause a loss of energy
due to the viscous dissipation in the pool which could be
included in the energy balance. To produce a simple model
we took a scaling argument for how the viscous dissipation
depends on the parameters of interest. In order to verify this
we will take the full equation describing the viscous energy
dissipation and evaluate it numerically throughout the simula-
tion to quantify the energy dissipation and how it varies with
the pool to drop viscosity ratio.

Repeating the equation for the viscous energy dissipa-
tion rate per unit volume in axisymmetric coordinates from
Sec. V as €,(r.2) = 20l + ()% + (95 + u(B +
%)2, where the subscripts » and z refer to the radial and
axial coordinates respectively, we measure the total energy
dissipated due to viscosity by integrating this equation over
the entire volume and over time. A redimensionalization of the
energy results would be based on the grouping p,DV{ built
on the reference physical values for drop density, diameter
and initial velocity embedded in the simulation setup. It is,
however, useful to retain a dimensionless viewpoint for the

present comparisons. In addition, we can split the energy
dissipation into the three different fluids in the system (drop,
pool and air) to analyze how the different fluids contribute
to the total dissipated energy for different viscosity ratios.
We calculate these energies for viscosity ratios from 1/16 to
16 (and fixed density ratio of 1) for the intermediate impact
velocity, with results summarised in Fig. 8. In each case the
visualized dissipated energy is taken at t = 0.6 (the end of
the simulation timescale), in order to provide a consistent
reference which is independent of when the film rupturing
occurs throughout the dataset. We also include an animation
as part of the Supplementary Material [32] which illustrates
the temporal evolution of the percentage energy dissipation
(the inset in Fig. 8). It shows that after the initial early stage

-
o
o

©
o

Percentage energy dissipation
(o
o

25

N

T
(2] ~ o)
o o o

N
o

1.5

N W
o O

-
T

-

o

0
0.06250.125 0.25 0.5 1
Np/ﬂd

_l- Pool | Droplet \:]Airl

Dimensionless energy dissipation

0.5

0
0.0625 0.125 0.25 0.5 1 2 4 8 16
P/ B

FIG. 8. Dimensionless viscous energy dissipation per phase
against viscosity ratio for the intermediate impact conditions of
Re, = 104.5 (6.53 < Re < 1672), We, = 26.724, and Fr, = 4.0
at resolution level 12. In each case the density ratio is 1 and the
viscosity ratio varies. The values of the viscous dissipation are taken
at t = 0.6. The inset illustrates the same data as a percentage of the
total energy dissipated.
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FIG. 9. Temporal evolution of the viscous energy dissipated per phase (by color) for three different impact velocities (solid line Re, =
104.5 (Re = 104.5), We, = 26.724, and Fr, = 4.0, dashed line Re,; = 52.25 (Re = 52.25), We, = 3.341, and Fr, = 2.9 and dotted line
Re, = 26.125 (Re = 26.125), We, = 0.835, and Fr, = 1.4) for the impact of a 5 ¢St SO drop onto an identical pool at resolution level 12.
The three inset plots show the energy dissipation for each impact velocity separately, up until the point that the air film ruptures in each case.
The time at which this occurs is indicated by the vertical black lines in the main plot, with the impact velocities again indicated by the line

style.

(t =~ 0.15) the relative percentage dissipation in each phase is
essentially unchanged.

First, we observe that the energy dissipation is largely con-
stant in the drop and the air, as the viscosities of these phases
are constant throughout the different simulations (however,
different velocity fields within these phases will clearly affect
the energy dissipated). We can clearly see the large difference
in the energy dissipated in the pool across the different viscos-
ity ratios from the inset and in particular that for less than unit
viscosity ratios, the majority of the energy is dissipated in the
drop. By contrast, for ratios greater than one, the majority of
the energy is dissipated into the pool. We find that the energy
dissipated in the pool for the most extreme ratios 0.0625 and
16 are 0.369 and 23.7 times the value for unit viscosity ratio,
respectively.

We therefore identify a threshold level of pool viscosity
below which the energy dissipation in the pool becomes neg-
ligible relative to the total amount of energy dissipated, only
negligibly affecting the pool motion and penetration veloc-
ity. This corroborates with our findings on the penetration
velocity as shown in Fig. 4(b), where we see that there is a
threshold viscosity ratio below which the penetration velocity
is unchanged.

We further investigate the influence of the viscous dissipa-
tion in the air, as it has been shown to be of importance for
low speed impacts [30]. To do so, we consider the temporal
variation in the energy dissipated per phase for three different
impact velocities, the lower two from Fig. 4 and another one
at a lower velocity (corresponding to Vy =0.55, 0.275, or
0.1375 ms™1).

Figure 9 shows the temporal evolution of the viscous dissi-
pation per phase for three different impact velocities, with the
fluids being the same in all cases (i.e., p, = u, = 1). In the
later postrupture times we observe that the viscous dissipation
in the air is negligible for all impact speeds. Looking at the

inset plots showing the dissipation before rupture, we notice
that in the case of the lowest impact speed the dissipation
in the air film is initially the most significant contribution,
whereas for the higher impact speeds it is equal to or smaller
than its counterparts. However, by t ~0.19, the energy dissi-
pated in the air levels out, while we can see that the energy
dissipated in the droplet and pool continue to rise. The same
plateauing of the air dissipation is also visible for the middle
impact speed. We note that this time is significantly before
the rupture of the air film, and, by inspecting the variation of
the pool motion at this stage, we find that the dissipation in
the air has a negligible influence on the penetration velocity.
One reason we believe that the air has a reduced effect here is
the deformability of both droplet and pool surfaces.

Another approach to account for the viscous energy dis-
sipation was recently presented by Tang et al. [28] and is
extended here to account for different drop and pool fluids.
Therein the viscous dissipation in the pool is assumed to
occur within a thin boundary layer of thickness § near to the
pool interface with volume V = 27 R?S. Within this region
the derivative in the viscous energy dissipation rate per unit
volume is approximated as V/§ and the viscous dissipation
occurs over the impact time period t = D/V; this results
in £/, = C,u,p(%)er. Assuming a scaling for the boundary
layer thickness of § = #, where Repen = paV D/, = VRe

pen

is the composite Reynolds number based on the penetration
velocity V' and pool viscosity 1, and substituting this result
into the overall energy balance leads to

- - —h——1/2
1 =V?+43p,V? 4+ 12CV°Re,,
=V243p,V2+12CV3 ", Re, /2, (C1)

with the first expression above being the natural compact
form taking into account the modeling assumption of the pool
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viscosity being the key ingredient in the nondimensionaliza-
tion, while the second expression (C1) makes the dependency
on the relevant physical property ratios explicit, thus facil-
itating physical interpretation. We also note that while the
expression involving Ree, appears to be of the same form as
the model in the main text and could thus also be rearranged
to find an explicit definition for V, this is not actually the
case due to the variable of interest (the penetration velocity
V) appearing inside the definition of Riepen. While Eq. (C1)
bears similarities with the overall energy balance highlighted
in Sec. V, the key difference is that the power of the nor-
malised penetration velocity in the viscous term is now 3/2
rather than 2. Writing V = x?, the above energy balance can
be written as Ax* +Bx® — 1 =0 withA=1+43p, and B =
12C1,Re;~'/2. This has the important consequence that there
is no convenient explicit solution for V [unlike the results (1)
and (2)]. It is, however, still possible to find the constant C by
fitting the data to Eq. (C1) implicitly, meaning that V can be
found for a given set of parameters by numerically solving the
quartic equation. While this quartic could produce up to four
possible solutions in all of the cases considered here there is
only one positive real root for x, which is taken as the solution
leading to V.

APPENDIX D: ANIMATIONS

We provide detailed visualisation of one of the cases
highlighted in the paper [32], focusing on key physical and
numerical quantities such as the color functions underlying
each of the fluids in our system, the magnitude of the vorticity,
the velocity field norm as well as the grid resolution level.

The selected case is that of a 5 cP water-glycerol
solution drop impacting on a FC-40 pool: Re,; =
274.1 (Re = 285.8), We, = 9.4, Fry; = 3.2, p, = 1.762,
wr =0.959, p; = 1052.7 kgm =3, 1y = 0.0049 Pas, o4, =
72 mNm™!, 0y, = 16 mNm™!, o4, = 52 mNm~'. The
nondimensional simulation time of 0.4 units is equivalent
to 2.04 ms. Direct numerical simulation animations show
the velocity magnitude and vorticity and VOF fields and
resolution level, respectively [32]. For the associated
experimental video provided (captured at 100000 fps but
displayed at 80 fps), we use a 2.560-mm-diameter 5 cP
water-glycerol solution drop impacting on a FC-40 pool at
0.502 ms~! over a duration of 3.7 ms. This case corresponds
to point 3 in Fig. 4(a) and is captured as a video [32].

We also include a video showing the temporal evolution of
the relative viscous dissipation in each phase corresponding to
the inset of Fig. 8 [32].
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Droplet Splashing on an Immiscible
Viscous Pool

Contents

[4.2 Publication: Fudge et. al. "Drop splashing after |
| impact onto tmmaiscible pools of different viscosities”. |

4.1 Introduction

This chapter showcases the paper "Drop splashing on viscous immiscible pools”,
which is currently under review in the Journal of Colloid and Interface Science. In
this paper we investigate the impact of a droplet onto deep immersible pools of
silicone oils, with a range of six orders of magnitude in viscosity ratio between droplet
and pool, as well as the effect of this ratio on the threshold to splash. We identify
two distinct regimes in the splashing threshold, the first for low viscosity pools
(where the pool to droplet ratio is less than ~ 35) whereby the threshold to splash
increases with the pool viscosity and the splash itself originates from the pool. In
the second (high pool viscosity) regime we observe that the threshold to splash now

decreases with pool viscosity, and that the splash originates from the droplet. In the

41



4. Droplet Splashing on an Immiscible Viscous Pool 42

transition between these regimes we also observe a pool viscosity for which splashing
was unable to be achieved for the experimental conditions available in the laboratory.

We start by explaining the observation of which fluid the splash originates
from. This is carried out via high resolution simulations aimed at investigating
the dynamics of the jet formed during the early stages following the impact. In
corroboration with previous results in the literature, we show how the jet composition
varies with the pool viscosity, being largely from the pool for low viscosities
transitioning to entirely from the droplet for high viscosities. Significantly, we
note that the non-splashing case identified above corresponds to when the jet
composition transitions from mostly pool to mostly droplet.

Having ascertained the origin of the splash in both cases, we then turn our
attention to explaining the differing trends observed in the splashing threshold.
Starting with the high viscosity case, we combine the ideas from impact onto soft
solids in the literature with the model for the pool motion in the previous chapter
to explain the cushioning effect due to the pool motion on the droplet. This has
the effect of reducing the maximum pressure in the droplet and thus its tendency
to splash. Using the equation for the penetration velocity we are able to quantify
the pressure reduction in the droplet, and from this derive an equation governing
the splashing threshold showing excellent agreement to the experimental results.

Finally, we then focus on the low viscosity case, where we investigate the different
factors involved in the formation of the jet that precedes the splash. We show
how the driving force behind this jet remains largely constant across different pool
viscosities but the viscous stress opposing it increases with pool viscosity. This

explains the increasing threshold to splash observed for these low viscosity pools.

4.2 Publication: Fudge et. al. "Drop splash-
ing after impact onto immiscible pools of
different viscosities"”. Published in revised
format JCIS 2023
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Abstract

Droplet impact onto liquid pools is a canonical scenario relevant to numerous natural phe-

nomena and industrial processes. However, despite their ubiquity, multi-fluid systems with the

drop and pool consisting of different liquids are far less well understood. Our hypothesis is that

the post-impact dynamics greatly depends on the drop-to-pool viscosity ratio p,/ 4, which we

explore over a range of six orders of magnitude using a combination of experiments and theo-
retical approaches (mathematical modelling and direct numerical simulation). Our findings
indicate that in this scenario the splashing threshold and the composition of the ejecta sheet

are controlled by the viscosity ratio. We uncover that increasing the pool viscosity decreases
the splashing threshold for high viscosity pools (u,/pq 2 35) when the splash comes from the
droplet. By contrast, for low viscosity pools, the splash sheet comes from the pool and increas-
ing the pool viscosity increases the splashing threshold. Surprisingly, there are conditions for
which no splashing is observed under the conditions attainable in our laboratory. Furthermore,
considering the interface velocity together with asymptotic arguments underlying the generation
of the ejecta has allowed us to understand meaningful variations in the pressure during impact
and rationalise the observed changes in the splashing threshold.

Keywords: drops, splashing, wetting, impact, experiment, direct numerical simulation

1. Introduction

Droplet impact onto a deep pool is a topic that has seen significant research owing to the
plethora of phenomena for which it acts as a fundamental framework. Examples include the
formation of a Rayleigh jet and break-up into droplets [1-3], the formation and subsequent
collapse of craters on impacts on a low viscosity pool [4-7|, the entrapment of air bubbles
[8, 9], or the formation of a sheet at the droplet-pool interface [10, 11]. In most past scenarios,
both the impacting drop and the pool are composed of the same liquid. In moderate-to-high
speed scenarios, the focus has been on the complex early stages of impact, which culminate, in
the more violent cases, in the formation of liquid sheets which are then subject to break-up.
The combination of experimental and numerical tools [11] has led to models for the pressure
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Email addresses: benjamin.fudge@eng.ox.ac.uk (Ben D. Fudge), radu. cimpeanu@warwick.ac.uk (Radu
Cimpeanu), arnaud.antkowiak@upmc.fr (Arnaud Antkowiak), castrejon@cantab.net
(J. Rafael Castrején-Pita), alfonso.castrejon-pita@wadham.ox.ac.uk (Alfonso A. Castrején-Pita )
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variation during impact and the key velocities in the system [6, 12, 13]. In fact, Wagner theory
has been successfully used to model the early-time splashing dynamics [14, 15]. By contrast,
the impact of a droplet onto a different fluid provides challenges that require paradigm shifts
from the single-fluid systems. The introduction of a distinct second liquid permits the variation
of physical properties such as density and viscosity between the droplet and pool. Only very
recently [16-19] has progress in two-fluid impact with significant variations in fluid properties
been made experimentally and theoretically, revealing significant changes in the dynamics of
the interfaces, the formation of the liquid sheet, and its shape and composition.

In the single-fluid impact regime, the splashing threshold is one of the most studied quantities
due to its practical applications, especially during the impact onto rough surfaces [20], oblique
impact [21-23], impact at reduced pressures [24] or onto soft solids [25]. Research into the
splashing threshold for two-fluids impact is more limited however. For the case of droplet
impact onto thin films of a different fluid Kittel et al. [17] studied the splashing threshold in
terms of the film to droplet viscosity ratio, and concluded that the dynamics is controlled by
the properties of the lower viscosity fluid, as this is where splashing originates from. Marcotte
et al. [18] examined ethanol droplet impact onto deep water-glycerol solution pools, which
allowed the variation of viscosity in a miscible setup in which the interfacial tension was set
to zero. The investigation focused on the impact process, interface shape identification and
orientation changes of the ejected sheet upon impact. Unfortunately, the splashing threshold
was not discussed, however the contributions of the different liquids to the ejected sheet as the
viscosity ratio varied was discussed qualitatively therein.

Despite this early progress, a comprehensive understanding of the effect of the liquid pool
properties on splashing is still lacking. In this work we experimentally investigate the im-
pact of a droplet onto a viscous pool across several orders of magnitude of viscosity ratios
(O (1) — O (1 x 10%)) and quantify the effect of this ratio on the splashing threshold. This is
complemented by high-resolution direct numerical simulation of three-phase impacts, looking at
the jet composition as the viscosity ratio varies and its comparison with experimental observa-
tions. Finally we theoretically develop a model for the splashing threshold using a combination
of analytical arguments, numerical data, and the dynamics of the drop-pool interface extended
from our previous work [19].

2. Experimental method

Our setup is illustrated in Fig. 1 (a) where drops of Fluorinert FC-770 were generated
from a stainless steel needle and a syringe pump to fall under gravity. Droplets impact onto a
20 mm-deep pool filled with silicone oil, with viscosity p, ranging between 2 — 1,000,000 cSt.
Fluorinert is chemically stable, inert, resistant to contamination, and has a high density and
low surface tension leading to splashing at low impact speeds. Silicone oils and FC-770 are
immiscible, providing a factor scarcely investigated in liquid-on-liquid impacts. The impact
events are captured with a high speed camera (either a Phantom v12 or a Phantom v2512) in a
shadowgraphy configuration at up to 310,000 frames-per-second and resolutions of ~6 ym per
pixel. The pool depth is large enough to prevent any boundary effects due to the finite-size
of the container. The impact velocity is varied by adjusting the fall height. Silicone oils have
constant density and surface tension over the viscosity range used here. Image analysis is used
to obtain the droplet impact speed, diameter, eccentricity e, and orientation. Only impacts
with a low eccentricity (e < 0.3) are retained to avoid effects associated to shape irregularities
[26].
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Figure 1: (a) Diagram of the experimental setup, with a single camera capturing both the falling droplet and
the subsequent post-impact dynamics. (b) Sketch of the axisymmetric simulation domain in its initial state.
(¢) Zoomed-in view for a typical simulation showing the adaptive mesh refinement, achieving spatial resolutions
down to 0.5 pm.

3. Direct numerical simulation

Direct numerical simulations are carried out using Basilisk [27-29] to provide greater in-
sight into regions that are challenging to visualise. A three-phase setup is deployed to resolve
the multi-fluid system consisting of the drop, the impacted pool and surrounding gas. This
computational environment has been validated previously by Fudge et al. [19]. This method
allows us to individually track each of the phases and thus study the splashing characteristics
to quantify the effect of the viscosity ratio on the jet composition. Figure 1 (b) shows the
simulation setup. We use adaptive mesh refinement to vary the grid resolution on the regions
of interest resulting in much more efficient simulations with a maximum resolution of 0.5 ym
per grid point (~ 1860 grid points per diameter) with an example mesh shown in Fig. 1 (c).
The length and velocity scales are made dimensionless using the droplet diameter D and impact
velocity Vj and the time scale is made dimensionless by D/Vjy. The Fluorinert-air and silicone
oil-air interfaces have 04,=15.0 £0.1mNm~"! and 0pa=20.0 & 0.1mNm~! respectively, with the
value for the interface between silicone oils and air varying by less than 5% across the viscosity
range considered here. For the Fluorinert-silicone oil interface we experimentally measure the
interfacial tension using the pendant drop method for several different oil viscosities, achieving
a constant value of 04,=4.6 & 0.2mNm~!, which we use for the simulations. We note here that,
within experimental error, the silicone oil-air interfacial tension is equal to the sum of the other
two pairings, meaning that a static liquid lens equilibrium is reached as the Neumann triangle
is closed. Figure 2 shows example numerical interfaces for three different impact scenarios,
revealing excellent agreement with experiments.

The key quantitative outputs we consider are interfacial shapes, as well as information
on velocities, viscous stresses, pressures, and vorticity that aid our understanding of the rich
impact landscape. Moreover, using the three-phase method allows us to individually track,
among many other properties, the contribution from each of the phases to the ejected jet
and thus splashing characteristics, and therefore quantify the effect of the viscosity ratio on
the jet composition: Resulting fluid-fluid interfaces are processed in order to extract the jet
composition, as illustrated in Fig. 3 for two different impact scenarios. In each case the root
of the jet is identified based on the two points of maximum curvature either side of the jet tip.
The jet base is then taken as the straight line between these two points denoted by the dashed
black line in Fig. 3. The total jet volume and the volumes of the pool and droplet within the jet
are then found by integrating the profiles between the jet roots. This level of detail, alongside
associated numerical information, allows us to expand on experimental findings and generate
predictive capabilities, to be discussed in the following section. The code implemented as part of



Figure 2: Comparison between experimental data and direct numerical simulation results for the impact of
1.6 mm FC-770 droplets at 3.2ms™ ! onto: 20cSt silicone oil pool at times 0.12ms, 0.24 ms, 0.44ms and 0.72ms
post-impact from left to right (top row), 50 ¢St silicone oil pool at times 0.08 ms, 0.24 ms, 0.32ms and 0.56 ms
post-impact from left to right (middle row) and 350 ¢St silicone oil pool at times 0.04 ms, 0.28 ms, 0.36 ms and
0.48 ms post-impact from left to right (bottom row). In each case the droplet interface is in orange and the pool
interface in blue. The scale bar in the bottom left frame applies throughout. Supplementary video material of
direct numerical simulation data (fluid phases and adaptive grid) is included for each of the three examples.

this investigation is available at https://github.com/rcsc-group/DropImpactViscousPool.

4. Discussion

The impact outcome is shown in Fig. 4 in terms of splashing parameter K [21] versus the
pool-to-droplet viscosity ratio, yi, = pi,/pq. Here K = Wey/Re = \/ (p3D3VP) /(03 1a), where
We = pyDV§ /04 and Re = pgDVy/ g are the Weber and Reynolds numbers with pg, D, Vo, 044
and pg denoting the droplet density, diameter, impact velocity, surface tension, and viscosity.

We have considered the splashing threshold of K as the midpoint between the splashing/non-
splashing regions, denoting it as yellow squares in Fig. 4. The inset images show splashing for
four different viscosity ratios (1.39, 242.75, 3467.86 and 41614.29) at an approximately constant
K value of 120,000, which allows us to visualise the qualitative difference between the impacts
at different pool viscosities. Specifically we can see that there is noticeable pool motion for the
lower pool viscosity cases, whereas for the higher viscosities there is no noticeable deformation
and the impact dynamics resembles that onto a solid. Also note that for the higher two of
these viscosities the K value is significantly above the threshold, and thus the splash appears
significantly more vigorous than for the two lower ratios.

Quantitatively we observe that, for low pool viscosity ratios (p,/pq < 35), the splashing
threshold increases with pool viscosity. By contrast, for greater pool viscosities (pp,/pqg > 35)
the threshold does the opposite. An intuitive explanation is that, as the pool viscosity increases,
the pool motion decreases and thus less energy is removed from the droplet, making a splash
more likely. At p,/pq ~ 35 (pp = 50c¢St) no experimental condition resulted in splashing
(our maximum impact speed was Vp = 5.62ms™!, or K = 681,396). Interestingly, a numerical
investigation of this scenario also led to no evidence of splashing. In fact, simulations were
performed at other higher velocities, up to the theoretical terminal velocity of the drop, and
no liquid fragmentation was detected. We identify that 11, = 50 ¢St marks the transition below
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Figure 3: Example calculation of jet contributions for the impact of a 1.6 mm FC-770 droplet at 3.2ms™' onto
a pool with (a) pp = 5¢St at ¢t = 0.03, (b) up = 5¢St at t = 0.05, (¢) up = 5c¢St at ¢ = 0.125, (d) pp = 350cSt
at t = 0.03, (e) up = 350cSt at t = 0.05 and (f) pp = 350c¢St at ¢ = 0.125. The top and bottom rows correspond
to the left and rightmost plots in Fig. 5 respectively. Note the different axis scales in each plot which are the
dimensionless simulation radial position and height.

which the ejected splash originates from the pool fluid (crown splash), whereas above this
viscosity the splash comes from the droplet (prompt splash). Our hypothesis is that increasing
the pool viscosity has opposing effects on the different types of splashing, i.e. increasing the pool
viscosity inhibits crown splashing, but enhances prompt splashing. Consequently we believe that
this pool viscosity corresponds to the point where the overall splash suppression is the highest
when considering a combination of the two mechanisms. This is consistent with the previous
observation that the pool displacement is very small for higher viscosity pools, making it unlikely
that the splash would come from it.
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Figure 4: Regime diagram summarising the impact behaviour characterised by the splashing parameter K versus
the pool to droplet viscosity ratio, delineating impacts that splash (blue triangles) from those that don’t (orange
circles), as well as the splashing threshold (yellow squares). For the case of a viscosity ratio of ~35 no fall height
available in the experimental setup resulted in splashing. The dot-dashed line corresponds to the solution to
theoretical threshold from the solution of eq. (4) with a » value of 1.73 ms~'. The inset snapshots show examples
of splashing at K ~ 120,000 for four different viscosity ratios. Representative video supplementary material is
also provided. The (a)-(f) labels correspond to the plots in Fig. 5. Note the logarithmic scale on both axes.

Next we turn our attention to a quantitative discussion of the jet composition and how this



relates to which fluid contributes to the splash. We will also expand upon the discussion of
the jet composition in [18] in view of the generalised setup herein. As noted in section 3, the
DNS platform allows us to extract the interfaces of the three different phases. This enables us
to identify the jet region and the contribution of each fluid to it, as illustrated in Fig. 3. We
perform a systematic investigation of the jet composition across several different pool viscosities
as a function of time during the impact process. We restrict ourselves to pool viscosities of up to
350 ¢St (corresponding to a pool to droplet viscosity ratio of 242.75), given the already large scale
physical property contrast between the pool and surrounding gas, encompassing between them
several orders of magnitude in this key parameter. We note however that from the experimental
videos we can see that above this viscosity there is no significant phenomenological change in
the impact process. Consequently we now limit ourselves to pool viscosities within the range
5 — 350 cSt, as denoted by the points (a)-(f) in Fig. 4. In each case the impact is characterised
by a K value of 165,000. We present these results in Fig. 5, where we plot the percentage of
the jet from each of the fluids (pool and droplet) against the simulation time for several pool
viscosities. We note here that ¢ = 0 corresponds to the theoretical time of contact between
the droplet and pool if neither deformed and that the white area at early times in all cases
corresponds to the time before which the jet has formed (which is a largely constant value
across all of the viscosities).

(a) 5cSt (b) 10cSt (c) 20cSt (d) 50cSt (e) 100cSt (f) 350cSt
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Figure 5: Post-impact jet composition versus time for impact cases described by K = 165,000 onto pools

characterised by viscosities of 5, 10, 20, 50, 100 and 350 cSt, respectively. Here ¢ = 0 corresponds to the
theoretical time of impact if neither the pool nor the droplet were to deform pre-impact. The white area at early
times in each case depicts the time interval during which the jet has not yet formed.

From the plot we can see the clear trend that as the viscosity ratio increases, a progressively
larger proportion of the jet originates from the droplet compared to the pool. This agrees with
our earlier observation and intuition that a more viscous pool will deform less prominently and
thus contribute less fluid into the jet. We notice that for the 5, 10 and 20 ¢St viscosity pools the
jet is almost entirely composed by fluid coming from the pool across all times. By contrast, for
50 and 100 ¢St viscosity pools we identify a transition in which at early times the jet is entirely
composed of droplet fluid, but then at later times contributions from the pool also begin to
materialise. Comparing the 50 and 100 ¢St pool viscosity cases we can see that this transition
happens at a later time and with a smaller amount of pool liquid inside the jet. Finally, we
find that when the pool viscosity is 350 ¢St, the jet contains only fluid from the droplet, with
the impact region acting more similar to a (weakly) compliant solid. The plots in Fig. 3 shed
more light into the morphological features of the interfaces during this dynamics. The top row
corresponds to the 5 ¢St pool, where we can see that the droplet contributes to the upper portion
of the jet, with significant deformation of the pool. The bottom row illustrates the 350 ¢St pool,
where we only observe a slight rising of the pool surface at the location of the jet root but the



dynamics itself consists simply of a droplet spreading on the pool surface. This indicates good
qualitative agreement to the results of Marcotte et al. [18], who show similar simulation profiles
in their Figure 2.

Our earlier experimental observation on the source of the splash coming from the pool for
tp/tta < 35 and from the droplet for p,/pq > 35 is thus reinforced by the above analysis
and cross-comparison between experimental and numerical findings, as well as recent results
from the literature. In what follows we aim to provide a mechanistic explanation of the above,
providing predictive capabilities beyond the specific parameter regimes discussed previously.

5. Theoretical approach

We now provide a theoretical model for the two different splashing threshold trends identified
in Section 4 and attempt to derive models quantifying them. We consider both the high viscosity
region (up/pqg > 35) where the splash comes from the droplet and the threshold to splash
decreases with pool viscosity, as well as the low viscosity region (y,/11q < 35) where the splash
comes from the pool and the threshold to splash increases with pool viscosity, as they are
phenomenologically unique.

First we consider the high viscosity case, which shares similarities to the scenario in which
the threshold to splash on a soft solid decreases as the solid becomes more firm [25]. Following
Howland et al. [25], we explain this by first noting that as the pool viscosity increases the
displacement decreases and the peak pressure in the droplet increases. Figure 6 shows the peak
pressure inside the droplet as a function of time for simulated impact scenarios with a constant
K wvalue of 165,000 and for several different pool viscosities. From the figure we identify the
overall trend that increasing the pool viscosity increases the peak pressure in the droplet, as well
as the maximum value in time of this maximum pressure. We also observe that at the time of
impact the maximum pressure occurs at the centre of the droplet, but as the impact progresses
and the droplet begins to spread out, the maximum moves with the contact line peaking with
the formation of the jet, and decreasing thereafter. This holds for both high viscosity pools
where the jet is formed with fluid from the droplet and low viscosity pools where the pool is
the main contributor to the jet composition. Figure 7 (a) illustrates experimental snapshots
revealing the faster spreading of the jet for higher viscosity pools, which is consistent with the
hypothesis that the pool deformation reduces the pressure driving the jet, causing it to form
more slowly as the pool deformation is enhanced at lower viscosities.

A significant feature is that for pool viscosities less than 100 ¢St there is little variation in
the peak droplet pressure with viscosity, but above this viscosity value we begin identifying
noticeable increases in the peak droplet pressure with larger pool viscosities. As this viscosity
of 100 ¢St corresponds to the region in our parameter space where splashing from the droplet
is observed, we believe therefore that this corresponds to the threshold peak pressure in the
droplet that must be exceeded in order for prompt splashing to occur.

We can however provide an explanation for the reduction in the peak pressure. As noted by
Howland et al. [25], we can use arguments stemming from Wagner theory [14] to find that the
peak pressure in the droplet is given by leV:fréer = 3pgVoR/80t, where 4t is the of time between
sheet ejection (when the pressure reaches a niaximum) and theoretical impact if neither droplet
or pool deformed. We justify the use of this result by considering Fig. 7 (b), specifically the
inset, in which we depict the early time motion of the jet as being very well predicted by the use
of Wagner theory estimates within their expected range of applicability. We note however that
this result originally comes from impact onto a solid surface and therefore we transform it into



S —2 ¢St

—5 ¢St
——10 ¢St
20 ¢St
50 ¢St
100 cSt
350 ¢St
500 cSt
——1000 cSt
—5000 ¢St

——10000 cSt
Theoretical

" time of impact
— 1 |--—-Wagner Theory

1 | —
-0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
t

2

15F

Pmaz,d

10

Figure 6: Droplet peak pressure against time for several different pool viscosities (direct numerical simulation
data). In each case the key impact parameter is K = 165,000 and ¢ = 0 corresponds to the theoretical time of
impact if neither droplet nor pool deformed. (Inset) The same pressure is normalised by ﬁ = ﬁ, where
V is the velocity of the common droplet-pool interface [19].

the velocity that the droplet actually sees as Vy — Vi, where Vj is the speed of the droplet-pool
interface, which is the relative velocity of the droplet into the pool.
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Figure 7: (a) Snapshots of 1.6 mm diameter FC-770 droplets impacting onto silicone oil pools at 2.5 ms ™!, taken
at 300 us post-impact (video supplementary material also included). (b) Measurement of the spreading distance
of the tip of the jet (main figure) and the root of the jet (lower inset) as defined in the upper inset. In the case
of the jet root location the result predicted by Wagner theory is also included.

In order to determine this relative velocity we use the result derived by Fudge et al. [19]
to find the pool velocity, resulting in Vo — Vi = Vp(1 — V), where V = V;/Vj is the normalised
common interface penetration velocity given by

V= ! (1)

1+ Apr +

where the parameters A and C have values of 2.7096 and 24.3984, respectively. Figure 8
(a) illustrates the predictions obtained via eq. (1) extended to much higher viscosity ratios
than previously explored in [19], as well as penetration velocities extracted from simulations
indicating that the model remains valid even at these higher viscosities justifying its use here.
Consequently, if we normalise the measured maximum pressure by dividing through by VOV;OV‘
we should recover the Wagner maximum pressure, which we would no longer anticipate to vary



with viscosity. In the inset of Fig. 6 we can visualise the normalised droplet maximum pressure
versus time, showing a very good collapse of the curves across all values of the pool viscosity,
as well as good agreement with the theoretical result predicted by Wagner theory (dash-dotted
lines). Consequently we are now able to express the maximum pressure in the droplet in terms

of the droplet and pool velocities, as well as Wagner pressure pynvjfzer as

3de<‘/E) - V;) _ ‘/O — sz Wagner
8(t — to) Vo Tmexd

(2)

The expression above may also be used to explain the decrease in the splashing threshold

Pmax,d =

for high pool viscosities. As in Howland et al. [25], we ascertain that for splashing to occur we
require the maximum pressure in the droplet to exceed a threshold value, pr. For splashing we
therefore require pmaxd 2 pr and, using eq. (2) and the expression for the maximum Wagner

pressure, leads to

— 8pT5t
Voor—Vi=Wr(1-V)2 , 3

where V7 denotes the threshold droplet impact velocity to splash. Equation (3) indicates

that in order to splash we require the droplet impact velocity relative to the pool to exceed a
8prdt
3p§R ’
onto a solid surface, where V; would be zero, and we would simply require the droplet impact

threshold value given by which we hereafter denote as «. This is consistent with impact
speed to exceed a given threshold. We note that in eq. (3) the right hand side is a constant
and the left hand side depends on the droplet impact speed and pool viscosity (via V). We can
therefore use this equation to find the threshold impact speed to splash for a given viscosity
ratio. Using the equation for the penetration velocity (1) results in

Vor [paD(A* = D]+ Vi (Cpapr — 26paDA*) + Vo r (k% pa DA* — 26Cpgpr) + 57 Cpapir 20, (4)

where A* = 14 Ap, and C come from the penetration velocity given by eq. (1), uq is the droplet
viscosity, u, the pool to droplet viscosity ratio and x is the required excess speed as above. The
selection of the correct root in the cubic equation relies, in first instance, on excluding the
one (non-physical) negative root arising within our parameter space. Differentiating between
the two remaining positive values is then supported by physical arguments, with the larger
of the two roots decreasing in value with the pool viscosity increases being consistent with
experimental data.

If we briefly consider the distinguished limit scenario of the pool viscosity tending to infinity,
we recover the equation V()%T—z"fVO,T‘i‘“Q 2, 0, which has the solution of V7 > k, as we expected
above. In order to use this equation we need a value of k¥ and therefore require estimates for
the threshold pressure to splash and the time of sheet ejection. For the threshold pressure we
can use the result by Howland et al. [25] and note that a pressure of 93kPa was consistent
with their findings and also with the pressures in the droplet measured in this work. To retrieve
the jet ejection time we performed experiments and found a consistent value of ~ 30 us across
several pool viscosities, again consistent with the framework of impact onto soft solids [25]. We
do note however that using these values for pr and 6t leads to & of ~ 5ms™!, which is far larger
than the expected threshold speed for impact onto a solid surface. One possible explanation for
this discrepancy is that the small time interval describing these dynamics in the experiments
at these high speeds (approximately seven frames) makes the accurate determination of the
impact time and first appearance of the sheet very challenging. This is exacerbated by the
region of interest being obscured by the bulk of the droplet and pool (due to the intrinsic three-
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Figure 8: (a) Droplet-pool interface velocity versus the pool to droplet viscosity ratio for an impact with Re =
5000, showing both simulation and experimental results which validate the use of the theoretical prediction from
eq. (1) in this higher viscosity regime (the viscosity range is considerably extended from that in [19]). (b) Pool
pressure (left hand side) and viscous stress (right hand side) for the case of the impact of a FC-770 droplet
impacting onto a 20 ¢St silicone oil pool at Re = 6660 and ¢t = 0.1 dimensionless time post-impact, showing that
the peak pressure and viscous dissipation are both concentrated at the root of the jet. The inset highlights the
region around the jet root before its formation, showing the direction of the jet forming velocity @ as described
in the main text, as well as a control volume (in green) showing the forces acting on it (where the subscripts a
and [ refer to the air and liquid respectively). Note here the colouring simply distinguishes the different phases.
Note that illustrated quantities have been restricted to the pool for visual emphasis, and also the different
(non-dimensional) scales for the two measures.

dimensional geometry of the interfaces), meaning that this value of ~ 30 us is thus more likely
to be considered an upper bound on the possible ejection time. Comparing to the data-rich
simulations however, we observe a much smaller time to ejection of ~ 10 us, resulting in an

excess speed of 1.73ms™!

, a value much closer to the observed splashing threshold for impact
onto a solid surface which we find as ~1.55ms™! for the Fluorinert droplets used here. Figure 4
includes the result of this theoretical argument with an excess speed of 1.73ms ™!, indicating very
good agreement with the data especially at higher pool viscosities. The observed difference at
lower pool viscosities could be attributed to the droplet-pool interface not immediately reaching
the (now higher) penetration velocity. Thus the impact is actually slower and so the pressure
damping is slightly less than predicted, resulting in an overestimation of the splashing threshold
in this region of the parameter space.

We now focus further on the low pool viscosity section of the parameter regime, where we
see splashing from the pool with an increase in the splashing threshold as the pool viscosity
increases. As previously noted, Fig. 6 illustrates how for low pool viscosities the peak pressure
in the droplet upon impact is largely unchanged (see variations up to 100 cSt) and thus it will
not have an effect in this case. Therefore we turn our attention to the pressure inside the pool
and how it affects the splashing behaviour. Firstly we underline that, based on experimental
observation and analysis, the pool splashing is predicated on the formation of a jet (largely
of pool fluid for low viscosities as shown in Fig. 5) from which the splash derives. From our
experiments and simulations we can see that as the pool viscosity increases the jet becomes
thicker and slower, and is therefore less likely to pinch off and eject a droplet (i.e. splash),
which qualitatively explains why increasing the pool viscosity makes splashing less likely. We
therefore concentrate in understanding the mechanism underlying the formation of this jet and
in particular how it depends on the pool viscosity. As presented on the left hand side of Fig.
8 (b), similar to the maximum pressure in the droplet occurring at the root of the jet, the
maximum pressure in the pool also occurs at the root of the jet and it is this pressure which
is driving the jet formation. We also note that, as is the case in the droplet, the value of
the maximum pressure inside the pool does not vary significantly for pool viscosities less than
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100 ¢St which is demonstrated in Fig. 9 (a). Thus the driving force behind the jet production
is largely constant in this case and it must be the opposing force that is varying with the pool

viscosity.
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Figure 9: Numerically obtained (a) peak pressure and (b) viscous stress inside the pool versus time for several
different pool viscosities. (c) The ratio of the peak pressure to the viscous stress, noting that for jet formation
we expect this ratio to be greater than unity (marked by a dotted line). In each case the impact is characterised
by a splashing parameter K = 165,000, and ¢t = 0 corresponds to the theoretical time of impact if neither droplet
nor pool deformed. These points consist of a subset of those in Fig. 6 with a consistent colour scheme. Note the
different scale on the y—axes.

We consider the force opposing the jet formation to be the viscous stress, and approximate
it as QMP%, where @, shown in the inset in Fig. 8 (b), is the velocity in the direction of the
jet formation s. As before, we assume that due to the largely constant penetration velocity
in relation to changes in pool viscosity, this derivative should also be largely constant when
considering different pool viscosity impact scenarios. We also note that this derivative has a
negative value and thus the force from the viscous stress will be, as expected, acting in the
negative s direction (i.e. in the opposite direction to the arrow in the inset in Fig. 8 (b)). Thus
we hypothesise that the viscous stress varies linearly with the pool viscosity, an observation that
is consistent with the data in Fig. 9 (b). This explains why the splashing threshold increases
as the pool viscosity increases in this regime as the force driving the splash is largely constant,
whereas the one opposing it is increasing (largely linearly) with the pool viscosity. We also
observe that the maximum viscous stress occurs at the root of the jet, mirroring the position of
the peak pressure inside the pool (right hand side of Fig. 8 (b)). This leads to the condition of a
jet needing to form in order to support the splashing mechanism, for which we require the peak
pressure in the pool to exceed the peak viscous stress. Figure 9 (c) shows the ratio of the peak
pressure to stress from which we identify that for the lower pool viscosities the peak pressure is
consistently greater than the viscous stress. By contrast, for pool viscosities 2 50 ¢St the peak
pressure is largely less than the viscous stress, cases for which we do not see a formation of a
pool jet.

These results verify our conjecture that the increase in the splash threshold for low pool
viscosities is due to the increase in the viscous stress in the pool at the root of the jet, impeding
its formation and slowing it down leading to a decreased tendency to splash. The simulation
results indicate that the viscous stress starts to exceed the maximum pressure at a pool viscosity
of approximately 50 ¢St, which is when we no longer observe crown splashing from the pool in
the experimental data.

Combined with the above results for the high viscosity pool cases, we have explained the
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observed trends in the splashing threshold across all the tested pool viscosities. Furthermore,
by using the prediction for the velocity of the droplet-pool interface [19], we have quantified the
effect of the pool motion and how the splashing threshold thus varies.

6. Concluding remarks

We have systematically examined the immiscible impact of liquid droplets onto deep viscous
pools across several orders of magnitude of viscosity ratio. Both imaging and computational
capabilities required to conduct rigorous studies for multi-fluid impingement scenarios have only
been developed in recent years, inspired by the need to understand natural phenomena and in-
dustrial applications such as environmental disaster mitigation after oil spills [16, 30] or inkjet
printing [31-33]. Drop impact onto immiscible liquid layers is a topic that has attracted recent
interest [3, 8], however, these works have been limited to describing phenomenological aspects
of the problem, providing important but limited explanations regarding the underlying physical
mechanisms controlling the post-impact dynamics. Thus far, efforts have been concentrated
either on gentler, often capillary-dominated interfacial flow regimes [34-36], or in simplified
fluid property formulation contexts [18]. The present study represents a first comprehensive
incursion into a previously inaccessible and rich parameter regime. From this investigation we
have observed a non-monotonic response of the splashing threshold against the viscosity ratio.
For low viscosity ratios (u,/pq < 35) increasing the pool viscosity increases the threshold to
splash, and in these cases the main contribution to the ejected liquid sheet originates from the
pool. For higher viscosity ratios (1p/1tq > 35) increasing the pool viscosity decreases the splash-
ing threshold, and in these cases the splash sheets originate from the droplet, consistent with
recent studies [17, 18]. Interestingly, for a narrow intermediate regime found at p,/pq ~ 35, no
splashing could be observed under conditions attainable in our laboratory, nor in our compu-
tational campaign. A specialised direct numerical simulation implementation has strengthened
our experimental investigations, providing further insight into the underlying motion of both
fluids. From these numerical results we have quantified how the different fluids contribute to the
jet composition, and therefore the splash, across different velocities, allowing us to interpret the
observed experimental results. We have quantified the resulting liquid jet composition in detail,
with impact onto low pool viscosities leading to jets consisting mostly of pool fluid (= 80 —90%
for pp,/pa < 35), while impact onto high pool viscosities can lead to the jet being entirely com-
posed of fluid coming from the droplet. We also explained the cause for the decrease in splash
threshold for high pool viscosities through a mechanism extending the arguments of Howland
et al. [25]. Using a rigorous asymptotic approach aided by detailed numerical data, we found
that the pool deformation at lower pool viscosities causes a reduction in the maximum pressure
in the droplet, suppressing the splash. Using recent results by Fudge et al. [19] has allowed
us to quantify this reduction and provide a compact and readily employable theoretical frame-
work which has proven remarkably robust over large sections of the parameter space in this
multi-fluid system. The resulting cross-methodological approach has generated new predictive
capabilities not only in assessing primary impact features in vast three-phase flow parametric
settings, but also in providing insight into splash sheet formation and eventual break-up into
secondary droplets, all of key importance in the context of technological applications.
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5.1 Introduction

"

In this chapter we present the paper "Droplet Splashing on Curved Substrates
published in the Journal of Colloid and Interface Science. Here we investigate the
impact of droplets onto smooth solid surfaces of different curvatures, both convex
spheres and concave lenses. Whilst previous results in the literature have produced
conflicting results for the effect of the curvature on the splashing threshold, in this
work we find a consistent trend for both cases, i.e. that increasing positive curvature
increases the threshold to splash. This corresponds to smaller spheres requiring
higher impact speeds to splash, and similarly more curved concave lenses require
lower speeds to splash. Whilst previous works have quantified the results in terms
of the ratio of the radii of curvatures of the droplet and pool, these are often not

consistent when the droplet size varies. Here we show that the relative effects of

59
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changing either of these values has the same effect (i.e. both an increase in the droplet
size or radius of curvature of the substrate enhances splashing). Consequently we
use a new combination of these parameters to accurately account for these changes.

We offer an explanation of these results by applying and adapting recently
developed theories which incorporate the air flow around the spreading lamella post
impact, and its effect on the splashing dynamics. We note how the curvature of the
surface either allows the air flow to escape underneath the spreading droplet for
a convex sphere, or becomes further confined for a concave lens. This curvature
effect can then be quantified by the change in the wedge angle between the droplet
and surface, which is an important factor in the splashing parameter. Through
geometric reasoning and experimental results, we find a relationship between the
substrate curvature and wedge angle, which when incorporated into the theory
provides an excellent collapse of the data for all curvatures onto one threshold value.

Finally we also investigate the effect of asymmetric impacts between the droplet
and surface. Whilst for impact onto flat surfaces the positioning of the droplet has no
effect, in the case of curved surfaces there is now a spatial variation in the dynamics
of the impact. Specifically we observe that when the impact is not at the centre
of the surface, splashing is enhanced in the downwards direction (that is the one
further from the surface centre), and suppressed (or at least reduced) in the upwards
direction. We note that this result is somewhat analogous to findings in the context
of impact onto inclined surfaces, previously reported in the literature, suggesting

that a similar underlying mechanism is controlling the dynamics in both cases.

5.2 Publication: Sykes et. al. "Droplet Splashing
on Curved Substrates"”" JCIS 2022
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across a wide range of substrate geometries and impact conditions. Our findings indicate that the ten-
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pendent of whether the substrate is convex or concave, with it being harder for droplets to splash on
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Droplet impact onto solid substrates arises throughout industry
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and deposition to bouncing and splashing (i.e. droplet fragmenta-
tion) [2,3]. The parameters governing the physics of impact, includ-
ing droplet properties, substrate characteristics (including
wettability and temperature), and the ambient pressure, are broad
and intricately linked, with many playing pivotal roles in the
resulting dynamics [4-11]. Droplet impact phenomena have been
traditionally characterised via the Weber, We = pu?l/a, and Rey-
nolds, Re = pul/u, numbers, where i, g, p, u, and [ are the droplet’s
dynamic viscosity, surface tension, density, impact velocity, and a
characteristic length scale (typically the droplet diameter), respec-
tively. In this context, simple deposition typically occurs at low
Weber and Reynolds numbers. In contrast, at sufficiently high
Weber and Reynolds numbers, an impacting droplet splashes,
breaking-up into secondary droplets (satellites).

Understanding the conditions under which splashing occurs is
of utmost importance in applications including spray processes,
forensic science, and inkjet printing [3]. In many cases, research
and development aims to prevent fluid misting and the formation
of smaller droplets with indiscriminate trajectories, both of which
can affect finish quality and aerosolise potentially-hazardous flu-
ids [12]. Whilst past works have mainly focused on droplets
impacting flat surfaces, some natural and industrial applications
see droplets impacting concave or convex substrates instead,
including individual spherical particles. Examples of these pro-
cesses include spray drying, rain-induced icing, and the inkjet
printing of a binder on powder beds for additive manufacturing
[13,14]. Notably, inkjet printing applications are seeking to expand
into textured surface markets, such as in the food industry, aero-
space, and automotive.

Past works have demonstrated that droplets impacting a dry
spherical target can produce at least seven distinct outcomes:
deposition, rebound, coating, gravity disintegration, momentum
disintegration, and splashing [13,15-17]. These outcomes are
dependent on the impact velocity, liquid properties, substrate wet-
tability, surface roughness (as for flat substrates [18]), and the
sphere size relative to the droplet diameter. Most droplet impact
studies on spheres have been conducted at moderate Weber num-
bers (We < 100), finding larger wetting areas on spherical sub-
strates than on flat ones, for similar impact conditions [19-21].
Similarly, it has been shown that increasing substrate curvature
(i.e. smaller spheres) leads to droplets spreading to a larger maxi-
mum spreading diameter, while also enhancing receding following
maximum spreading [22,23]. In contrast, few studies have been
conducted under the parameter range leading to splashing [e.g.
24-26], despite its practical significance [13]. Other studies have
been focused on wet surfaces, which strongly influences impact
outcomes [e.g. 27,28]. In fact, some of these works present contra-
dictory results regarding the influence of the substrate curvature
on splashing thresholds.

In this work, we study the effect of substrate curvature on the
propensity of an impacting droplet to splash using high-speed
imaging. Our experimental conditions cover a wide range of
parameters, encompassing simple deposition through to corona
splashing. Our experimental protocol (involving two high-speed
cameras positioned perpendicularly to determine impact posi-
tion) enables the transition between simple deposition and
splashing to be precisely delineated across a range of curved sub-
strates, including convex spheres (covering an order-of-
magnitude wide range of diameters), a flat substrate, and concave
surfaces. Moreover, by considering the effect of substrate curva-
ture on the lift force acting on the lamella at the onset of splash-
ing, we identify a potential mechanism underpinning the
splashing threshold and propose a modification to the well-
known splashing ratio [5,29] to account for the effect of substrate
curvature.
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2. Experimental method

Single ethanol droplets (density, p = 785 kg m~3; surface ten-
sion, 6 =222 mNm!; dynamic viscosity, 4 =1.10mPas [30])
were impacted onto smooth untreated borosilicate-glass sub-
strates. Ethanol strongly wets untreated glass, with a static contact
angle of (5 + 4)°, and a quasistatic advancing contact angle of
(20 + 3)° [10,18]. These angles were measured using a polynomial
fitting approach, as detailed in Ref. [31] (also see Fig. 1d). The con-
tact line usually pinned at the maximum spread length, if
achieved; the receding contact angle is close to 0°, implying a con-
tact angle hysteresis of approximately 20°. Characterised by their
apex radius of curvature, rs, the substrates were eight convex
spheres (Bearing Warehouse Ltd and Glass Sphere s.r.0.), covering
an order-of-magnitude wide range of r,<[2.0,20.0] mm,
two plano-concave lenses with r;e {-25.84,-12.92} mm
(KPC040 and KPC043, Newport), and a flat cover slip (rs — oo).
All substrates were thoroughly cleaned and dried between succes-
sive impacts.

Droplets were generated by dripping from a blunt-end dispens-
ing tip (Metcal or Fisnar) at 15 pL min~! using a syringe pump,
until the pendant droplet detached due to gravity and fell vertically
towards the substrate. Two dispensing tip sizes (22 and 25 gauge)
were used interchangeably to adjust droplet volume; the distance
between the dispensing tip and substrate apex was varied
(180 mm-400 mm) to adjust the impact velocity,
ue(1.77,2.58 ms!, as measured using an in-house MATLAB
script. Impact velocities were selected to comprehensively span
the splashing threshold of each substrate. As noted by other
authors for millimetric droplets generated by dripping (e.g. Ref.
[32]), oscillations in the free surface of the falling droplets meant
that they were not necessarily spherical on impact, whilst it is
known that droplet shape influences splashing [33]. These oscilla-
tions were accounted for by measuring the radius of curvature of
the bottom of the droplet, r. at the point of impact (see the solid
part of the droplet’s edge in Fig. 1a). We take | = 2r. as the charac-
teristic length scale to approximate the effective diameter of the
droplet for the purposes of splashing (e.g. We = pu? - 2r./0g). For
a typical experiment (oblate droplet), r. was generally 5% greater
than the equivalent spherical radius, with variations in r, around
4% for a fixed droplet volume - see §1 of the Supplemental Material
for details. In this work, We € [237,539],Re € [2544,4221], and
Oh = vWe/Re = pi/+/pal € [5.3 x 107°,6.1 x 1073].

The dispensing tips and substrates were attached to manual
translation and elevation stages, providing each with independent
3-axis motion, enabling the impact position to be varied and
axisymmetry between the droplet and substrate to be ensured
when desired. All impacts were simultaneously imaged using
two high-speed cameras positioned perpendicularly, in a shadowg-
raphy setup. For the convex substrates, both cameras were focused
on the apex of the sphere, as seen in Fig. 1b (not to scale; similarly
for the flat substrate). One camera, either a Phantom TMX 7510 or
v2512 recording at 25,000-110,000 frames per second (fps), was
principally used to image the droplet geometry and impact dynam-
ics with an 105-199 pixels mm™! effective resolution. The second
camera, either a Phantom v12.1 or Miro LAB310 recording at up to
11,000 fps, with 34-99 pixels mm™!, gave a wider view of the
dynamics. The two cameras together enabled the impact point in
the horizontal plane of a top-down view to be precisely deter-
mined. Further technical details of the experiment are provided
in §2 of the Supplemental Material. Also described there is a mod-
ified setup used for the concave surfaces, where the higher-speed
camera imaged the splashing dynamics through the bottom of
the substrate via a mirror.
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Fig. 1. (a) A sketch of droplet impact onto a convex substrate (sphere), labelled with pertinent geometric variables and impact velocity. c refers to the radial offset in a 2D
horizontal plane of the substrate and droplet’s vertical axes of symmetry; zero offset out of the plane of the figure is assumed here. Axisymmetric impact implies that c ~ 0, as
in Sections 3.1 and 3.2. (b) A sketch of the accompanying experimental setup. (c)-(e) Image-processed frames: red points represent detected edge pixels; orange line indicates
the fitted polynomial; green lines are tangent to the free surface at the contact point.

For convex substrates, the dynamic contact angle, # was mea-
sured for all times t > 0 (t = 0 on impact) using a polynomial fit-
ting approach, as seen in Figs. 1c and 1d [31]. The orange line in
Fig. 1d represents the fitted polynomial; the green line represents
the tangent to the polynomial at the contact point, from which 0 is
measured relative to the tangent to the sphere’s surface. The angle
subtended by the radial lines to the contact points at the centre of
the sphere, 2¢ and the spread length (purple line) were also mea-
sured - see Fig. le.

3. Results and discussion

3.1. Splashing propensity and dynamics

For fixed We=414+2 (Re =3533+35;K=We'/?Re!/* =
157 &+ 1), Fig. 2 (and the accompanying videos ) demonstrates that
the splashing propensity of a (3.79 + 0.08) L droplet impacting a
sphere axisymmetrically depends strongly on substrate curvature,
1. Note that 7 represents dimensionless time (7 = 0 on impact),
with respect to the kinetic time scale, 2r./u. Within our experi-
ments, both prompt and corona splashing is seen. Solely for the
classification of droplet impact outcomes, no distinction is made
between prompt and corona splashing; any break-up of the droplet
during the outward spreading phase is considered splashing'.
Splashing is therefore seen for all r; > 3.0 mm in Fig. 2, whilst the
droplet simply spreads across the r;=2.0mm sphere. The
15 € {3.0,4.0} mm spheres show splashing behaviour akin to prompt
splashing, whilst more comprehensive corona-like breakup is evi-
dent for r; € {7.0,20.0} mm. Indeed, corona splashing is known to
occur for such impact conditions on smooth flat glass substrates
(as seen in the bottom row of Fig. 2), which is far from the splashing
threshold, just above which prompt splashing ensues. Hence, Fig. 2
substantiates the qualitative conclusion that it is harder for impact-
ing droplets to splash on smaller spheres. Moreover, Fig. 2 qualita-
tively demonstrates that satellite trajectories, number and volume
distributions vary on curved substrates for fixed impact conditions,
further indicating the significant affect of substrate curvature on
post-splashing dynamics that could be of interest in natural and
industrial contexts, as previously elucidated for flat targets [35,36].
A detailed study of such post-splashing dynamics represents an
excellent opportunity to extend this work.

! There are other mechanisms of secondary droplet formation, such as induced by a
droplet spreading into a convex substrate’s mount or over the rim of a concave
substrate (as recently demonstrated by Ref. [34]) and gravity disintegration; these
mechanisms are not considered as splashing here.
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Fig. 2. Axisymmetric impact of fixed-volume ethanol droplets onto a selection of
convex substrates, and a flat glass side (bottom row), at constant We = 414 + 2.
Substrate curvature, ry, is indicated in the centre of each row. Times 7 are
dimensionless with respect to the kinetic time scale, 2r./u. Normalised offset
c/re < 0.1. The scale bar is 2 mm.

For a quantitative assessment of splashing thresholds, the
splashing propensity of (3.6 + 0.3)puL droplets are presented as a
regime map in Fig. 33, in terms of the traditional splashing param-

eter K = We*’0h~"/* = We!/?Re'/4, and the ratio of droplet to sub-
strate curvature Q =r./r;. The latter enables comparison to
existing studies [28,26]. Defining c as the dimensional horizontal
radial offset of the substrate and droplet’s vertical axes of symme-
try on impact (see Fig. 1a, where zero offset out of the plane of the
figure is assumed), only Q > 0 experiments with c/r. < 0.15 are
plotted to ensure axisymmetry (cf. Section 3.3). The splashing
threshold region for each substrate is defined as K € [K;, K;,], where
K; = min(K) VK showing splashing, and K, =max(K)VK not
exhibiting splashing. Individual experiments are plotted as sepa-
rate points and coloured according to splashing outcome. Those
points outside the threshold region are faded, with the vertical
extent of the threshold region commensurate to the error in deter-
mining K. K~ 127 (black-dashed line in Fig. 3a) is the accepted
splashing threshold for ethanol droplets impacting flat dry sub-
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Fig. 3. Splashing propensity of (3.6 + 0.3)pL droplets (originating from a 25 gauge dispensing tip) impacting convex (r; > 0), concave (rs < 0), and flat (r; — oo) substrates, in
terms of the splashing parameter K = We*®0h™"/* and splashing ratio p(o). (4.85 + 0.15)pL droplet data are also included in panel (b). All impacts are axisymmetric
(c/re < 0.15 forrs > 0 data). ‘C&H (2017) refers to the polynominal fit found in Ref. [26] for micrometric droplets with Q € [0.09, 0.55]. The flat threshold of K ~ 127 is sourced

from Refs. [37,10], which is consisten.t with our data.

strates (i.e. r; — oo and Q = 0) [37,10], which is consistent with our
data.

Q > 0 for spheres, whilst Q < 0 for concave surfaces. Examples
of impact dynamics on both concave substrates studied are seen in
Fig. 4. In the first three rows, We € [302,337] is varied on the
rs = —12.92 mm substrate. Interestingly, there are a similar num-
ber of satellite droplets for the two We € {314,337} cases exhibit-
ing splashing. Due to the satellite’s shallower trajectory, more land
back on the substrate for the We = 314 example (seen as long
streaks in the 7 = 0.6 frames). We did not observe satellites land-
ing on spheres of similar |rs| values: concave surfaces curve
upwards to intersect the satellites’ trajectories. Satellites that land
within the maximum spread length of the primary droplet are able
to recoalesce with it (see T = 0.9), which is significant from the
point of view of applications wishing to avoid contamination
resulting from splashing [12]. For fixed We = 337 (bottom two
rows of Fig. 4), more satellites materialise on the substrate with
greater | 1/r, | (i.e. ry = —12.92 mm, 3rd row of Fig. 4), and also
appear to have a greater volume (with a greater potential for sec-
ondary breakup). These qualitative observations indicate that the
trend in splashing propensity on spheres identified above contin-
ues into concave surfaces, which is quantitatively confirmed in
Fig. 3a. Note that the Q < 0 data shown in Fig. 3a have been filtered
according to the axisymmetry condition c/r. < 0.15. However,
there is additional uncertainty in the apex position relative to the
droplet location on impact here. Nevertheless, the splashing
dynamics are well separated and consistent for both concave
examples.

Fig. 3a shows unique behaviour in comparison to the existing
literature. Charalampous and Hardalupas (2017), herein ‘C&H
(2017), considered the impact of micrometric droplets (diameter
[170,280)um) onto dry spheres of three different diameters
({500, 1000,2000}um), with droplets continuously impinging at
up to 20000 Hz [26]. The splashing threshold was found to be
We ~ 400 for 0.09 < Q < 0.30, and increased to We =450 for
Q ~ 0.5. Their polynomial fit describing the splashing threshold
(extracted from figure 12 of C&H (2017), in terms of We) is plotted
in terms of K with our data in Fig. 3a. Q values are taken directly

from the source, assuming that Oh = 8 x 10~3; the error bar repre-

sents uncertainty in Ohe[7.0x 107,89 x 107%]. The trend
broadly agrees with our data for Q > 0.3, being only one or two
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Fig. 4. Axisymmetric impact of ethanol droplets onto a selection of concave
surfaces, viewed from below (through the substrate). Substrate curvature, rs is
indicated in each row, along with We. Times t are dimensionless with respect to the
kinetic time scale, 2r./u. Note that droplets appear ellipsoidal in these images due
to a slight misalignment between the mirror and curved target (concave lens). The
scale bar is 2 mm.

standard deviations away, but diverges after a minimum at
Q < 0.3. C&H (2017) noted that their observations disagreed with
a 1999 paper that considered impact onto dry spheres (but still
with continuous impingement at 1000 Hz), which concluded that
it was easier to splash on small spheres [25]. A qualitatively-
similar trend was obtained by Liang et al. (2014) for impact onto
wetted spheres (with a pre-existing film of varying thickness:
12 pm-61 pm). The splashing threshold of millimetric heptane
droplets (Oh = 2.6 x 1073, diameter 1.8 mm) on spheres was found
to approximately coincide with that of a flat substrate for
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Q < 0.224 : We = 124, corresponding to K =90 [28]. Indeed, the
presence of a thin film is known to reduce the splashing threshold
of heptane droplets on smooth flat substrates [38]. In Liang et al.’s
work, for smaller spheres (Q > 0.224), the splashing threshold
increased approximately linearly with Q, similar to our data. Their
observed Q < 0.224 behaviour may owe to the pre-existing thin
film, which could decrease the effective substrate curvature and
alter the lift force acting on the lamella (see Section 3.2). With
the benefit of a wider range of Q € [-0.08,0.55], a thoroughly-
dry substrate, and verifiable-axisymmetry, our work demonstrates
that the splashing threshold on dry curved substrates consistently
increases with increasing Q over concave, flat, and convex
substrates.

For a single liquid and a unique flat substrate, K is sufficient to
parameterise splashing thresholds, though they are also affected
by the surrounding gas pressure [39] (amongst other factors),
which K does not account for. In recent times, for smooth flat
hydrophobic substrates, low-Oh splashing has been successfully
parameterised by a splashing ratio

222 i (praw)”?
" tano 02/3 ’

ple) (1)

which was derived assuming that splashing results from the growth
of capillary instabilities as aerodynamic forces (the sum of gas lubri-
cation and suction forces) lift the advancing lamella off the sub-
strate [5,40,29,41]. Here, u, = 1.8 x 107 Pa's is the gas’ dynamic
viscosity, . is the chosen length scale, and « is the wedge angle
between the substrate and lamella at the onset of splashing.
o~ 60° for smooth flat substrates, independent of wettability
[41]. Splashing on smooth flat substrates, from wetting to superhy-
drophobic, has been successfully parameterised using (o) and the
dynamic contact angle [10]. The theory underpinning S(c) has also
been extended to rough substrates [42], and to explain splashing
suppression of micron-sized droplets [43].

Accordingly, our experimental data is plotted in terms of () in
Fig. 3b. The flat threshold (rs — o) of B(a) ~ 0.12 is consistent with
existing data for hydrophilic flat substrates: Ref. [41] reports a
splashing threshold of 0.120 + 0.008 for ethanol-water mixtures,
taking the radius as the length scale. For spheres, increasing either
rc or rs promotes splashing, whilst they have opposite effects on Q.
Hence, we plot against the dimensionless quantity u*/(p?a?r.rs)
instead in Fig. 3b, which is Oh* with [ = ,/Ffs, the geometric mean

of the radii of curvature, so Oh* x 1/(r.rs). Our larger droplet vol-
ume ((4.85+0.15)uL) data, for rs = 3.0 mm, are also plotted in
Fig. 3b, whose threshold is seen to be consistent with the existing
(3.6 £ 0.3)puL data, which would not be the case if plotting against
Q.

3.2. Splashing mechanism

We now wish to explain the trend in splashing propensity seen
in Fig. 3 from a physical perspective. Our hypothesis is that the
propensity to splash decreases as 1/r, increases due to a modifica-
tion to the lift force on the lamella, which can be accounted for
geometrically. For a general geometry, we define an effective
wedge angle o*, where a* = + ¢. In Fig. 5a, y is the angle between
the tangent to the lamella at the contact point and the horizontal,
whilst ¢ is the angle between the horizontal and downstream tan-
gent to the substrate at the contact point (if rs < 0, then ¢ < 0),
both at the onset of breakup. Herein, all angles are reported in
radians.

Whilst ¢ = 0 for a flat substrate (with oo = = 1/3), ¢ is non-
zero for curved substrates. Geometrically, ¢ is also the angle sub-
tended by the substrate between the vertical axis and contact
point, at the centre of the substrate’s curvature (see Fig. 5a). There-
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fore, s=r;¢, where s is half of the spread length of the
droplet along the curved substrate at the onset of breakup. Note
that ¢ — 0 as r; — oo, as required for a flat substrate. Fig. 5b pre-
sents s measured for a selection of our experiments, plotted against
1/rs; error bars represent the variation between different experi-
ments. The data shows that s, within experimental error, does
not depend on the substrate curvature. A similar conclusion was
reached in C&H (2017) with micrometric droplets; their data,
extracted from figure 16, is also plotted in Fig. 5b (green points,
plotted against Q). Hence, s = 1.9 mm, delineated by the dashed
line in Fig. 5b, is taken as a fixed constant value, within experimen-
tal error for all curvatures in Fig. 5b. Consequently, ¢ can be
regraded as a geometric property of the substrate.

The angle between the tangent to the lamella at the contact
point and the horizontal at the onset of breakup, y would be
expected to decrease as 1/r, increases, since the surrounding gas
is easier to drain from beneath the lamella on smaller spheres. This
variable was measured for a selection of our splashing experi-
ments, noting that yy = mw — 0 — ¢ (see Figs. 1d and 5a), and plotted
in Fig. 5c against 1/r, alongside equivalent data from C&H (2017),
extracted from figure 17 (green points, plotted against Q); the error
bars represent variation between different experiments. We note
here the appreciable challenges of both accurately determining
the exact time of breakup and measuring the true dynamic contact
angle for splashing studies in general [41,10,44|; hence, the rela-
tively large experimental uncertainty in . Moreover, for convex
substrates, if any part of the lamella falls below the horizontal
plane containing the contact point (always if y <0; often the case
for small y > 0), then the true contact point (and therefore 0) is
hidden by the revolved lamella. See the darker lamella region of
the sketch inset in Fig. 5a, where the hidden contact point is indi-
cated. In such cases, 0 and y cannot be measured from an external
side view (as in this work). Despite these challenges, Fig. 5c indi-
cates that y varies linearly with respect to 1/r;. Note that y, an off-
set contact angle, should not depend on r., given that contact
angles are determined by the chemical properties of the substrate
and wetting fluid [45,46]. Recalling that = m/3 at 1/rs = 0 (flat
substrate), the linear dependence on r; implies that
Y =m/3 +m/r for a gradient m.

The effective wedge angle on curved substrates, o* is therefore
given by

. T m+s
oc‘:1//+¢:§+ -
N

(2)

Recall from Section 3.1 that (o) ~ 0.12 (flat substrates). Moreover,
s=19 mm is constant, which suggests that m = —1.75 mm to
parameterise the effect of substrate curvature. This value of m indi-
cated by the slope of the triangle in Fig. 5c¢, which is consistent
(within identified errors) with both data sets shown. Hence, the
data in Fig. 3b are replotted with the splashing ratio corrected for
substrate curvature by substituting Eqn. (2) into Eqn. (1) with
m+ s = 0.15 mm, denoted B(«*), in Fig. 6. As seen, f(x*) ~ 0.12 for
all concave, convex, and flat substrates studied. That is, f(«*) yields
a consistent splashing threshold for axisymmetric impact, regard-
less of substrate curvature.

Substrate curvature can therefore be taken into account in Eqn.
(1) using the effective wedge angle o*. Note that the origin of the
constant wedge angle for flat substrates is the relative position of
the contact point and the tip of the lamella, due to the no-slip con-
dition [40]. On spheres, the contact point moves downwards by a
constant amount for a given curvature (given that s is fixed), effec-
tively opening the gap between the lamella and substrate, notwith-
standing the relative ease of draining gas from beneath the lamella.
The relative change in the vertical position of the contact point
depends on the size of the sphere, showing that «* depends on
1s. In other words, o* > /3 characterises the effective increase in
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Fig. 5. (a) Sketch of a droplet spreading on a sphere, at the point of lamella breakup, with variables pertinent to the proposed mechanism indicated. Not to scale. Note that
o' = ¢ + . The inset sketch shows that the contact point in a 2D vertical plane (indicated) can be hidden by the 3D revolved lamella (darker blue) from an external view. (b)
Half spread length on the curved substrate at the onset of breakup, s, against a measure of substrate curvature. The dashed line indicates the constant value of s = 1.9 mm. (c)
¥ (at the onset of breakup) against the same measure of substrate curvature. For both graphs, axis labels are colour-coded according to relevant data; red data was measured
from our convex substrate experiments that splash; green data was extracted from C&H (2017) [26]. Error bars represent variation between differ.ent experiments.
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Fig. 6. Splashing propensity of (3.6 +0.3)uL and (4.85 & 0.15)pL droplets param-
eterised by the splashing ratio corrected for substrate curvature using the wedge
angle given in (2), denoted p(o*), with s = 1.9 mm and m = —1.75 mm.

the lift force (< 1/tan«) that is required to have a droplet splash
on a sphere at the same threshold as on a flat substrate (i.e.
0.12). Whilst the derivation (and values of m and s) was based
upon spheres, Eqn. (1) predicts that o* < /3 for convex surfaces
(rs < 0): p(a*) increases in this case to account for the reduced
splashing threshold identified in Section 3.1. The correction pro-
posed therefore accounts for the effects of both positive and nega-
tive substrate curvature, as confirmed in Fig. 6.

In Eqn. (1), only the wedge angle has been modified in order to
accommodate substrate curvature, whilst g(«) (with a fixed wedge
angle) can successfully parameterise splashing thresholds of a
wide range of low-viscosity fluids on flat substrates [10,41,40].
We thus expect that the wedge angle should not be affected by
fluid properties on curved substrates either. Hence, the
(geometrically-derived) effective wedge angle approach may be
used to parameterise splashing thresholds on curved substrates
for a wider range of low-viscosity fluids than studied here. More-
over, there is no strong dependence of substrate curvature on
spreading rates on time scales relevant to splashing (see §3 of
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the Supplementary Material ). This observation indicates that
B(a*) and 0 may parameterise splashing on curved substrates of
different wettabilities, as f(x) and 6 can for flat substrates [10].

3.3. Asymmetric impacts

The results above pertain to axisymmetric impact (c =~ 0); in
this section, we assess the effect of initial asymmetry between
the impacting droplet and curved substrate via a horizontal offset
from the axis of symmetry. Fig. 7a depicts the impact position on
all r; > 2.0 mm substrates investigated, from the perspective of a
top-down view, with radial positions normalised by r.. Only those
experiments within the g(«) splashing threshold region for each
substrate (B(o) € [B;, Br] — see Section 3.1 for equivalent definitions
in K) are displayed; these data correspond to all r; > 0 points in
Fig. 3b, in addition to c/r. > 0.15 experiments (delineated by the
orange-dashed circle in Fig. 7a). A pessimistic indication of the
maximum error in determining the impact position (based on
the cameras’ minimum effective resolution) is indicated by the
purple circle surrounding one point. Since only experiments within
the splashing threshold regions (commensurate to the experimen-
tal error) are plotted, if asymmetry did not play a role in splashing
outcomes here, then a uniform distribution would be expected in
Fig. 7a. Such a distribution is seen for almost-axisymmetric
impacts, but the splashing outcome is seen to dominate for exper-
iments with ¢/r.>0.12. Note that no such radial dependence
would be expected if all experiments (i.e. both inside and outside
the splashing threshold regions) were plotted. In summary,
Fig. 7a suggests that modest offsets increase the splashing propen-
sity of droplets close to the splashing threshold. To ensure that all
axisymmetric impacts are included in the regime maps (Figs. 3 and
6), only c/r. < 0.15 experiments are displayed.

Examples of typical non-axisymmetric impacts above the
threshold region are shown in Figs. 7b and 7c. The whole offset
is seen in the upper rows (from the perspective of one camera),
whilst the offset is negligible (< 0.01r) in the perpendicular direc-
tion (bottom rows, from the perspective of the other camera).
Interestingly, non-axisymmetric splashing dynamics are seen in
the negligible offset rows. We suggest that this observation results
from inherently-3D effects influencing rim breakup due to a per-
turbation from the offset, which is best perceived from a bottom-
up view of non-axisymmetric impact onto one of the concave sur-
faces, as shown in Fig. 7d (c/r. ~ 0.3). Here, the gas beneath the
lamella is harder to drain in the direction of the offset (with respect
to the substrate apex, identified by a red circle), due to the upward-
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Fig. 7. Effect of asymmetry. (a) Impact position (centre axisymmetric) of every r; > 0 experiment within the B(«) splashing threshold regions (all opaque r; > 0 points in
Fig. 3b; additional experiments with a larger offset), coloured by splashing outcome. The purple circle indicates the maximum error in impact position, based upon the
minimum effective resolution of 34 pixels mm~". Only experiments within the orange dashed circle (indicating c/r. = 0.15) are shown in the regime maps above. (b)
We = 482; (o) = 0.144 impact onto a r; = 3.0 mm sphere. Dimensional offsets in the perpendicular planes of view are indicated in each 7 =0.2 frames. (c) Similar
We = 436; f(o) = 0.141 impact to panel (b), but with a larger offset. (d) Asymmetric We = 345/8() = 0.128 impact (offset c/r. ~ 0.3) onto a ry = —12.92 mm substrate. Red
points locate the substrate apex (approximately); yellow highlights indicate inherently 3D rim phenomena. All scale bars are 2 mm.

sloping substrate, so the lamella remains raised for longer in such
directions. These asymmetric rim dynamics lead to the large distri-
bution in satellite sizes and trajectories for a given impact, includ-
ing due to the aforementioned 3D effects such as a splitting and
merging of fingers (highlighted yellow in Fig. 7d). Also seen with
non-zero offsets is film breakup in the body of the lamella, which
can lead to long ligaments with substantial angular velocity that
result in non-radial satellite trajectories. Note that many satellites
land within the maximum spread length of the droplet in the direc-
tion of offset on concave surfaces, as the substrate curves substan-
tially upwards to meet the satellites’ trajectories. These 3D effects
may play a role in the increase in splashing propensity seen with
modest offsets for experiments close to the splashing threshold
(identified in the previous paragraph), including the relatively-
sharp radial transition seen in Fig. 7a.

In the offset views (top rows) of Figs. 7b and 7c, splashing is
generally more pronounced in the ‘downward’ direction (towards
the right here). Splashing can be suppressed in the ‘upward’ direc-
tion for larger offsets, as exhibited in Fig. 7c. These observations are
consistent with known splashing behaviour on inclined flat sub-
strates, where upward splashing is suppressed above a given sub-
strate inclination, followed by the suppression of downward
splashing at a yet greater inclination [47,48]. Under the theoretical
framework from which B(«) is derived, the modification of splash-
ing on inclined flat substrates stems from an effective reduction in
impact velocity perpendicular to the substrate according to cos#,
where 77 is the substrate inclination. The lamella tip velocities
therefore decrease with increasing # too, as does the lift force act-
ing on the lamella itself, which in turn affects splashing. For a
spherical substrate, # is the polar angle to the impact point from
the vertical (similar to ¢ in Fig. 1e). Fig. 7c indicates that the mech-
anism of splashing modification on inclined flat substrates trans-
lates to curved substrates, so complete splashing suppression on
spheres might be expected for even larger offsets than shown in
Fig. 7c, though this is beyond the scope of our work.

Finally, it is interesting to note the relation of offsets from
axisymmetry to the mechanism discussed in Section 3.2. Offsets
decrease the effective substrate curvature in the upward direction,
reducing the ability to drain gas from beneath the lamella, as elu-
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cidated in Section 3.2; conversely, the gas is easier to drain in the
downward direction. Moreover, the substrate drops away from
the lamella at a faster rate than in the downward direction com-
pared to the upward direction, opening the effective wedge angle
and reducing the splashing ratio. However, suppressed splashing
is seen in the upward direction in Fig. 7c, which suggests that for
large offsets the mechanism noted above for splashing suppression
on tilted flat substrates may carry-over to curved substrates and
the reduction in lamella tip velocities may be more significant than
curvature-related effects.

4. Conclusions

This study has conclusively demonstrated that droplet splash-
ing is significantly affected by the target substrate’s curvature.
Notably, we found that the radius of curvature, r; plays a key role
in the micromechanics of splashing. For axisymmetric impacts,
splashing propensity was found to decrease monotonically with
increasing 1/r; over the uniquely-wide range of target geometries
studied, including both convex (r; > 0) and concave (rs; < 0) sub-
strates, with a boundary value consistent with the known splash-
ing behaviour on flat substrates (rs — oo). Therefore, the
splashing threshold is higher for smaller spheres compared to a flat
substrate, whilst it is lower for concave surfaces. This new result
for completely-dry surfaces diverges from related studies that con-
sidered wetted or continuously impinged spheres [25,26,28], in
which splashing thresholds only appeared to change for the smal-
ler spheres studied. We hypothesised that the alteration to the
splashing thresholds seen in this work owes to a curvature-
induced modification to the lift force acting on the advancing
lamella at the point of breakup. Hence, we successfully incorpo-
rated the effect of substrate curvature into state-of-the-art splash-
ing theory for flat substrates [5,29,40,41] via the introduction of an
effective wedge angle between the lamella and substrate. Effects of
asymmetry are only apparent for lateral offsets from axisymmetry
greater than approximately 0.12, normalised by the droplet’s
radius of curvature at the point of impact. Inherently-3D dynamics
are prevalent for asymmetric impact with a small offset, whilst
splashing can be suppressed, at least in some directions, for larger
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offsets. The latter result has parallels with splashing on inclined
flat substrates [47,48]|. Our results enhance the fundamental
understanding of splashing in general, which is relevant to surfaces
of other properties and geometries than the curved substrates we
studied, but also indicate the potential for engineering textured
substrates to reduce the distribution and aerosolisation of
potentially-hazardous fluids by modifying droplet splashing
dynamics.
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§1. ACCOUNTING FOR NON-SPHERICITY OF IMPACTING DROPLETS
A. DMeasuring the radius of curvature, r.

As mentioned in the main text, oscillations in the free surface of the falling droplets meant that they were not
necessarily spherical on impact. In such cases, several studies in the literature [e.g. 1] have recognised that it is more
appropriate to base the characteristic length upon the radius of curvature at the bottom of the droplet (its ‘south
point’), r., rather than use the droplet’s equivalent spherical radius, r,,. If the droplet can be well approximated by
an axially-aligned ellipse, then r. is well-defined by the droplet’s aspect ratio and r,,. However, the droplets in this
study could not always be well approximated by such an ellipse, so it was preferred to measure r. directly using image
processing: a circle was fitted to detected edges within a certain angular range around the droplet’s south point.

For a typical experiment, Fig. Sla demonstrates the result of fitting a (blue) circle to all (yellow) detected edges
of the droplet, which suggests that 7, = 0.96 mm in this example. Evidently, the droplet is oblate (with eccentricity
~ 0.29); the fitted circle does not coincide with the detected edges around the south or east points, but this fitting is
likely to yield a fair approximation to r,. In Fig. S1b, a (red) circle is fitted only to the (green) detected edges spanning
the lower 60° of detected edges (called the ‘fitting angular range around the south point’), yielding r. = 1.06 mm. In
this case, the fitted circle coincides exceptionally well with the detected edges around the south point, giving high
confidence that r. approximates the radius of curvature of the bottom of the droplet well.

The choice of 60° for the fitting angular range is elucidated in Fig. Slc, where r. is measured based upon angles of
20°-120° for six randomly-chosen experiments, represented by different colours. For each experiment, r,, is indicated
by the dashed line of equivalent colour. For small angular ranges < 40°, the measurement of r. is unreliable due to
the small range in vertical position of all detected edge pixels involved, relative to the error in their detected position,
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T castrejon@cantab.net
1 alfonso.castrejon-pita@wadham.ox.ac.uk
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FIG. S1: (a) A (blue) circle fitted to the (yellow) detected edges of the whole droplet, yielding r, = 0.96 mm. (b) A
(red) circle fitted to the (green) detected edges of the same droplet, covering an angular range of 60° spanning the
droplet’s south point, yielding r. = 1.06 mm. (c) The dependence of r. on fitting angular range for six
randomly-chosen experiments, represented by different colours; the horizontal dashed lines indicate 7, for each.

despite the use of an accurate subpixel edge detection method (see Ref. [2]). On the other hand, the oblate nature of
a typical droplet in this work means that the use of a too high angular range would be expected to artificially lower
the detected r. (and similarly, if the droplet were a prolate spheroid, increase the measured r.), which is borne out in
Fig. Slc. 60° is therefore chosen as a good compromise between these two competing demands — it’s the lowest value
with which we have confidence of consistently attaining reliable measurements. In general, the choice of angular range
is likely to depend upon the effective resolution of the image, magnitude of eccentricity, and quality of edge detection.

B. Effects of non-sphericity

The axisymmetric impact of three 7, = 0.96 mm droplets onto a 7, = 2.5 mm sphere at © = 2.40ms~! are shown in

Fig. S2. r. € [1.02,1.06] mm is varied between rows, giving We = pu? - 2r./o € [412,430]. The smallest r, = 1.02 mm
droplet exhibits simple deposition (no breakup), whilst the two more oblate droplets (r. € {1.04,1.06} mm) splash.
If the characteristic length scale were based upon 7, then there would be no difference in Weber number (or indeed

—0.16 ms . . » 0.58 ms 0.92 ms

FIG. S2: A collection of three r, = 0.96 mm droplets impacting a rs = 2.5 mm sphere at u = 2.40ms~'. Only r.
(indicated in each row) is varied between each row, spanning the splashing threshold: We = 412 (no splashing),
We = 423 (one satellite droplet) and We = 430 (several satellites), respectively.
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FIG. S3: Splashing propensity of (3.6 +0.3) uL. and (4.85 4 0.15) nL. droplets, in terms of the (uncorrected) splashing
ratio, B(«). (a) The length scale is r.; the graph is a repeat of Fig. 3b in the main text. (b) The length scale is r,,.

B(a) and K) between these three experiments. However, using r. enables the impact outcomes to be appropriately
divided.

Figure. 3b (main text) also appears as Fig. S3a here. Recall that this graph is based upon the length scale r..
For comparison, these data are replotted in Fig. S3b, using r, as the length scale. Both graphs in Fig. S3 show
the same qualitative trend, though they are quantitatively distinct. Note the lower random variation in r, than r,
which manifests as more clearly defined columns in the latter panel of Fig. S3. Nevertheless, the threshold regions
are generally slightly extended when using r,,, further indicating the appropriateness of using r. as the length scale
in this work (i.e. the choice reduces the effective error).

§2. DETAILED EXPERIMENTAL INFORMATION
A. Droplet generation procedure

As noted in the main text, droplets were generated by dripping in this work. Since the substrate was spatially vary-
ing, precise control of the droplet impact position was required, unlike for geometrically and chemically-homogeneous
substrates. To achieve impact velocities relevant to splashing, especially for the smaller spheres, the tip had to be
positioned high above the substrate, which posed challenges in attaining and maintaining the desired impact position.
The following procedures were employed to reduce the random variation in droplet impact position:

e An extra droplet was generated (and caught) immediately before each droplet was deposited onto the substrate,
with the second droplet found to be more predictable in terms of impact position.

e The tip was covered by a loosely-fitting cylindrical pipe to protect the falling droplet from random air currents
during its initial fall. Protecting the droplet’s path closer to the tip (where its velocity was low) was found to
be far more important than protecting its path close to the substrate, so an approximately 15— 30 cm telescopic
tube was usually used.

e Dewetting of the tip during periods that the syringe pump was not active for more than a minute or so (e.g.
during height changes or offloading data from the cameras) was found to greatly influence subsequent impact
positions. Therefore, the syringe pump was programmed to activate for (4 = 1)s in every 20s when it would
otherwise be inactive, in order to maintain the meniscus at the end of the tip and keep the tip wetted throughout.

Taken together, these procedures enabled adequate control of droplet impact positions.
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FIG. S4: A sketch (not to scale) of the experimental setup used for concave surfaces. The glass lens (concave
substrate) was supported on a horizontal platform (not shown), in which a hole was cut to provide optical access.

B. Imaging

The cameras used in this work are detailed in the main text, which are the v2512, TMX 7510, Miro LAB310 and
v12.1 (all Phantom high-speed cameras from Vision Research/AMETEK). Table S1 lists the lenses used with these
cameras, alongside the pertinent imaging parameters (frame rate, effective resolution and exposure time). For all
experiments, a 30 W LED array provided illumination via a ground glass diffuser to the v12.1/Miro, whilst a Photonic
F5100 LED fibre-optic light source was used with a diffuser (except for the concave experiments) for the v2512/TMX.

C. Experimental setup for concave substrates

The experimental setup used for concave surfaces (rs < 0) is shown in Fig. S4. A Phantom v2512 captured the
impact and splashing dynamics from below (through the substrate) via an optical mirror, at up to 39,000 fps and
with an effective resolution of 107 pixelsmm™'. Illumination for this camera was provided by an LED fibre-optic light
source (Photonic F5100) positioned close to the dispensing tip, with the light path into the lens offset by a small angle
(in the vertical plane) to the path of the falling droplet. To determine the droplet’s geometry and impact velocity, a
Phantom v12.1 was positioned perpendicular to the v2512 and captured the droplet as it fell into the lens, at up to
11,000 fps and with an effective resolution of 98 pixelsmm™!. Both cameras were kept horizontal, meaning that the
latter lost sight of the droplet up to 7mm above the substrate’s apex. As for convex substrates, the impact velocity
was determined from a second-order polynomial fit to the time series of the droplet’s south-point height (relative
to the substrate), evaluated at the substrate without the impact time needing to be known a priori. The impact
velocities were found to be consistent with the > 1,000 convex substrate experiments in which the droplet could be
seen up to and beyond the moment of impact at ¢t = 0.

TABLE S1: Lenses and characteristics of the imaging configurations used in this work.

Camera Lens Ext. tubes (mm) Frame rates (fps) Effective res. (pixelsmm ') Exposure (jis)
0.8 — 2.4 (convex

V2512 Nikon AF-S VR 105mm £/2.8G 92 - 124 25,000 - 40,000 105 — 131 20 (concasfe) )

TMX 92 94,000 169 2.3

TMX  Navitar 12X Zoom Lens System® 0 76,000; 110,000 199 0.8-12

Miro  Nikon AF 60 mm f/2.8D 0 7,200 34 2.3

v12.1  Laowa 100 mm {/2.8 2x APO 20 - 36 10,200; 11,000 48 - 99 18 — 25

2 Only used for qualitative data (no experiments using this lens are seen in the regime maps).
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FIG. S5: Dimensionless half spread length, a(r,) of droplets spreading along the surface of a spherical substrate (7

values are indicated in the legend) following axisymmetric impact at We = 276 4= 6. Times 7, are dimensionless with

respect to the kinetic time scale using the droplet radius r. as the length scale, r./u. The dashed line indicates the

expected gradient for flat substrates — i.e. (37'9)1/ 2 translated upwards by 0.5 units for improved visibility. The red
region indicates spread lengths beyond the expected point of breakup for experiments that splash.

§3. SPREADING OF DROPLETS ON SPHERICAL SUBSTRATES

For a flat substrate, the dimensionless half spread length of the droplet (in other words, the radius of the wetted
area), a, is given by a(r,) = (37,)/2, where t/7, = r./u. The latter is the kinetic time scale based upon the droplet
radius, rather than the diameter. The flat-substrate relation for a is derived from Wagner’s theory, and has been
extensively validated [3].

To check whether substrate curvature affects spreading in the period of interest for droplet splashing (i.e. before
breakup occurs, if it would), we consider the time series of a(7,) for each spherical substrate studied. A representative

We = 276 £ 6 experiment for each such substrate is chosen, and a(7,) plotted against T;/ % in Fig. S5. These Weber
numbers are close to the splashing threshold for a flat substrate (so no experiment plotted splashes), chosen to reduce
error in determining the contact line position (satellites and long extensive lamellae can obscure the true contact line
— see Fig. ba in the main text). Similar graphs can be observed for all Weber numbers studied. The red shaded region
in Fig. S5 indicates spread lengths above which lamella breakup would have occurred (recall that s = 1.9 mm from
Sec. 3B), so this region is not of interest from the perspective of splashing thresholds.

Figure S5 shows that substrates of all (positive) curvatures studied have very similar spreading rates up to a(7,) ~
2.5, which is well into the red region of irrelevance to splashing thresholds. Moreover, the spreading dynamics at times
of interest follow the expected (3Tg)1/ 2 behaviour seen for flat substrates — see the dashed line (translated upwards
by 0.5 units to improve its visibility) and compare its gradient to the data for spheres. Hence, substrate curvature
appears not to affect spreading dynamics during the (relatively short) period of time relevant to splashing thresholds.

§4. LIST OF OTHER SUPPLEMENTARY MATERIAL

Figure 1 videos: figl {2,3,4,7,20}mm.mp4 and figl _flat.mp4

Videos to accompany each experiment shown in Fig. 1. The videos cover dimensionless times 7 € [—0.3,1.6]
(1 € [-0.3,1.2] for the flat substrate) and play approximately 3,300x slower than real time. The width of each r; > 0
video (in physical units) is matched to have a common effective scale. The substrate radius of curvature, rg, is
indicated in the file name of each video.

Regime map raw data: fig{3a,3b,6}_points.csv
Comma-separated value (CSV) files containing a list of our data points contained within each figure indicated in
the file name. Each row corresponds to a different data point. The first column indicates the substrate’s radius of
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curvature (in millimeters) — 0 is used to identify flat substrates, for which rs — oo; 300 identifies the larger droplet
volume data, for which r¢ = 3.0 mm. The final column indicates the splashing outcome in terms of MATLAB markers:
‘v’ indicates no splashing, whilst ‘o’ indicates splashing.

Regime map threshold data: fig{3a,3b,6} _thresholds.csv
CSV files containing the vertical axis values delineating each substrate’s splashing threshold region for each regime
map. The first column (substrate radius of curvature) follows the same conventions as for the raw data (see above).
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6.1 Introduction

In the final exploratory chapter of this thesis we elaborate on the manuscript "Drop
impact onto immiscible films floating on deep pools”, currently in draft format for
future submission. This extends upon the work in chapter [3| where we now have
a droplet impacting onto a thin film of a different liquid floating on top of a deep
pool the same fluid as the droplet. This is of practical importance in scenarios such
as rain droplets impacting onto oil slicks on water following an oil spill. Using the
previous result as a reference we can consider two limiting cases, the first of which
is the film thickness tending to zero and leading us to expect that the system should

behave as if the film was not there. In the second case of infinite film thickness
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we expect the underlying pool to no longer have any effect, as the film itself will
behave as if it were a deep pool. Our results in fact indicate that this transition
to where the underlying pool no longer has an effect actually occurs at a finite
film thickness. This is in agreement with previous results in the literature, where
threshold values for film thickness are found for other phenomena such as the crater
depth post impact. Between these limiting cases however we observe a dependence
of the penetration velocity on the film thickness, and we identify either an increase
or decrease in the velocity with increasing thickness depending on the limiting
cases. We also observe a deviation from the expected results for very small film
thicknesses with the resulting velocity greater than either of the limiting cases,
which we attribute to the interaction between the upper and lower film surfaces.

Further to the rich physical phenomena described above, in the case of a floating
liquid film, there is an additional interface between the underside of the film and the
deep pool whose dynamics will also depend on the film thickness. We investigate
this motion and find a monotonic decrease in the velocity with increasing film
thickness for all considered film velocities. We attribute this to the delay in the
impact travelling through the increasingly thick film.

6.2 Publication: Fudge, Cimpeanu and Castrejon-
Pita "Drop impact onto itmmiscible films
floating on deep pools” draft paper
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The interface dynamics of a droplet impacting onto a liquid pool has been well studied, and the
common interfacial velocity quantified for the cases when the pool is both the same and a different
fluid to the impacting droplet. In this work we investigate the scenario of a droplet impacting onto
a pool of the same fluid coated by a film of another fluid of variable thickness both experimentally
and computationally. The effect of the film thickness on the penetration velocity of both the upper
droplet-film and lower film-pool interfaces are measured for experiments and simulations For the
upper interface the velocity is compared to the limiting cases of zero film thickness-in which the film
has no effect and thus behave like a fluid on same fluid impact- and infinite film thickness-in which
the underlying pool has no effect. For finite film thickness cases we carefully quantify the transition
between the two limiting scenarios, and provide insight into the interfacial and flow quantities of
interest, with a robust transitional behaviour observed over a rich parametric landscape.

I. INTRODUCTION

The scenario of droplet impact onto thin films floating
on deep pools is of great practical interest. Examples in-
clude raindrops hitting oil slicks on seawater can in fact
spread the oil droplets much further than just the slick
itself [1] or the manufacture of encapsulated drugs [2] in
the context of advanced drug delivery systems. The in-
troduction of a liquid film on top of an underlying deep
pool adds another layer of complexity, and the possibil-
ity of further variation in parameters and resulting post-
impact dynamics. Apart from the multiple liquid prop-
erties of both liquid phases, the studied multi-phase flow
now includes the thickness of the film. Consequently, un-
derstanding the underlying dynamics of droplet-film-pool
systems, and how varying the parameters such as the film
thickness affects these dynamics, is of both fundamental
and practical importance.

Previous work in this area has often focused of the dy-
namics of the post-impact ‘crater’ formation [3-5], with
the particular case of Zhang et al. [5] identifying the for-
mation of a double crown consisting of fluid from both
the droplet and film for certain film thicknesses. Specifi-
cally they find an impact Weber number below which and
a film thickness above which no double crown is formed,
whilst in between these regimes the critical Weber num-
ber depends strongly on the film thickness, with thinner
films requiring lower Weber numbers to produce a dou-
ble crown. Furthermore they quantify the variation of
various parameters such as both crown heights, the max-
imum crater volume and maximum height of the ejected
jet with both the impact Weber number and film thick-
ness providing an energetic model to explain these. Other

* benjamin.fudge@wadham.ox.ac.uk
T radu.cimpeanu@warwick.ac.uk
1 alfonso.castrejon-pita@wadham.ox.ac.uk

related investigative directions include examining the for-
mation of an air cavity behind a solid sphere impacting
onto a film floating on a deep pool [6, 7] showing that an
oil layer can prevent the usual sealing of the air cavity
instead producing an emulsion of the oil in water, or the
inverse case where an oil droplet rises in a liquid pool
meeting an oil film on top and how a water layer can
remain coating the droplet [8].

One particular case of interest is that of Kim et al. [4]
finding that the maximum crater depth only depends on
the film thickness for thicknesses up to 1.6x the impact-
ing droplet diameter, value above which it behaves as if it
were an infinitely deep pool. In contrast to the work pre-
sented here and in other examples such as [5, 9] therein
the droplet and the film consist of the same fluid and the
underlying pool of a different fluid. They further suggest
that miscibility between the droplet and film could have a
potential effect into the dynamics of the droplet-film-pool
motion noting that in previous examples without oil lay-
ers the validity of the theoretical prediction for the crater
depth depends on the spreading coefficient between the
fluids and not just the immiscibility property.

Given the complex landscape described previously, the
focus of this work will therefore lie in the investigation of
the early time dynamics of both the upper droplet-film
and lower film-pool interfaces post-impact. In particular
we concentrate on how the interfacial penetration speeds
vary with the film thickness for different oil film viscosi-
ties, where for the upper interface the limiting thick film
case would give penetration velocities both above and be-
low the value predicted for same fluid impact, which is
1/2 that of the impacting drop velocity [10-14] whereas
the immediate trend for the lower interface is less clear.
We use a combination of high speed imaging experiments
and high resolution direct numerical simulations (DNS)
in order to find the speed of these common interfaces and
carefully quantify their dependence on the film thickness
for a variety of oils with different physical properties.
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(a) Diagram of the experimental system with the camera aimed at the underside of the upper layer in order to

capture the displacement of the drop-film interface. (b) Example snapshot from the impact of a 2.6 mm diameter water droplet

impacting at 0.58 ms™*

onto a 350 cSt silicone oil film showing the droplet penetrating into the film. At the bottom of the

image the lower film-pool interface can be seen to be displaced slightly. (c) Simulation setup showing the distinction between
the phases where the impacting droplet and pool are of the same fluid. The underlying pool depth is fixed at 2.5x the droplet
diameter whilst the thickness of the layer on top is varied whilst maintaining the distance to the droplet fixed.

II. EXPERIMENT

Figure 1 (a) illustrates the experimental setup used
for this work. The impacts are captured using a single
camera setup consisting of a Phantom V2512 aimed at
the underside of the top of the film to capture its dis-
placement and thus the penetration velocity. Separate
images are also recorded with the droplet falling at the
same height in order to find the droplet impact speed and
diameter. These impacts are captured at up to 50,000
frames per second and resolutions of up to 4um per pixel.
Figure 1 (b) shows an example snapshot from the impact
of a 2.6 mm diameter water droplet onto a 350 cSt sili-
cone oil film at 0.58 ms~! from which we can see the dis-
placement of the common droplet-film interface as well
as the small displacement of the lower film-pool interface
at the bottom of the image. The frames are extracted
from the videos and post processed using the image pro-
cessing toolbox in MATLAB in order to find the droplet
impact parameters as well as the interface penetration
speed. The pool container depth is greater than 10x the
droplet diameter so we use a constant depth of pool fluid
underneath to provide a constant baseline depth. On top
of this a variable depth film is place with the droplet fall
height adjusted to have a constant impact speed. The
pool is deep enough to ensure that there are no effects
due to the solid pool bottom.

For the experiments we use a pool and droplet con-
sisting of water, as this configuration provides the best
visualisation as we are able to achieve a 90° contact angle

with the acrylic wall of the container when paired with a
single viscosity silicone oil (350 ¢St) film across a range of
thicknesses from 0.05 to 1.3 times the droplet diameter,
which was observed to be sufficient in order to examine
the full range of variation for our quantities of interest
and to validate the numerical results. In each case the
impact consists of a 2.6 mm diameter water droplet im-
pacting at 0.58 ms™! onto a 350 ¢St silicone oil film across
the range of thicknesses considered.

III. DIRECT NUMERICAL SIMULATIONS

The direct numerical simulation framework is devel-
oped using the open-source solver Basilisk [15-17]. Our
setup allowed us to systematically investigate the vari-
ance in the penetration velocity across a wide range of
film thicknesses. For these we use a three-phase setup
[14] in order to be able to independently vary the droplet
and film properties in the presence of the surrounding air.
In each case the underlying pool (which is the same fluid
as the droplet) is fixed to be 2.5 times the droplet diam-
eter to provide a constant underlying layer to eliminate
any effects due to the finite depth of the pool. The film
of variable depth is then on top of this as shown in Fig. 1
(¢). Furthermore the domain size is sufficiently large in
the lateral direction such that there are no effects such
as wave reflections from the edge of the domain. In all
cases the boundary conditions are solid impermeable no
slip walls at the bottom and side of the domain with a



90 degree contact angle for the side, outflow at the top of
the domain and axisymmetry along the centre. Adaptive
mesh refinement is used with resolutions of up to level 12
corresponding to ~ 820 cells per droplet diameter with
the adaptivity being based on errors in the interface lo-
cation and velocity components. The simulations sepa-
rately output both the top and bottom interfaces of the
film in order to track their individual displacements, with
the film thickness varying between 0.05 and 1.3 times the
droplet diameter, in line with their experimental counter-
parts. For the simulations we use a pool and droplet of
Fluorinert FC-770 and the films are silicone oils of ei-
ther 20, 100 or 350 ¢St viscosity. These values are chosen
as they provide a wide range of penetration velocities
both above and below the 1/2 value expected for same
fluid impact, and thus we should be able to interrogate
a significant variation as we change the film thickness.
Simulations are also performed in the case that the pool
and droplet both consist of water as cross-validation to
the experimental results.

We note that our observations of the impact behaviour
from our experiments indicate the axisymmetric nature
of the results thus justifying our use of the axisymmetric
solver here. For the parameters used herein a typical run
required ~ 15 CPU hours on 6 CPUs with approximately
100,000 grid points.
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FIG. 2. Comparisons between experiments, simulation and
theory (for the limiting cases of no film thickness and infi-
nite film thickness i.e. just water on oil given by equation
(1)) across a wide range of film thicknesses. In each case
the impact consists of a 2.6 mm diameter water droplet im-
pacting at 0.58 ms™! onto a 350 cSt silicone oil film for both
experiments and simulations corresponding to Re = 1470,
We = 11.8 and Fr = 3.6. For the experiments the error bars
in the x-direction account for uncertainty in the droplet di-
ameter as well as film thickness and the error bars in the
y-direction account for the uncertainty in the pool displace-
ment speed and droplet impact speed. For the simulations
the error bars in the y-direction correspond to uncertainty in
the droplet impact speed and thus the parameters used in the
simulation. In some cases the error bars are smaller than the
point markers.

IV. EXPERIMENTAL-NUMERICAL
COMPARISON

In order to validate the simulations we compare the ex-
perimentally measured penetration velocity to those pre-
dicted by their computational counterparts runs under
the same parametric conditions. These results are dis-
played in Fig. 2, providing a summary of the penetration
velocity against the normalised film thickness. The error
bars in the experimental values correspond to uncertainty
in the impacting droplet size and film thickness affecting
the r—axis values and uncertainty in the droplet impact
speed affecting the y—axis values. Reynolds, Weber and
Froude numbers, defined respectively as Re = paDVy/pd,
We = pgDVE /o4 and Fr = V//gD where pq, D, Vo, a4
and o4 are the droplet density, diameter, impact speed,
viscosity and surface tension respectively and ¢ is the
acceleration due to gravity, for the corresponding simu-
lation were set to the central value. To account for the
experimental uncertainty (mostly due to the oscillations
of the drop) we ran simulations at the averaged measured
impact speed from the experiments, as well as +20% the
impact speed in order to give an estimate to the expected
simulation value which are represented as the error bars
in the simulation results in Fig. 2. Included is also the
predicted penetration velocity in the limiting cases of infi-
nite pool depth (for impacts onto both the same or differ-
ent liquid) from the equation derived by Fudge et al. [14].
The results show a very good agreement between the ex-
periments and the simulations within the experimental
error confirming the expected trend of the penetration
velocity varying between approximately 1/2 for a very
thin film and that for a two-fluid setup for a very thick
film. We note in both experiments and the simulations
there is a slight overshoot above the 1/2 value for the
smallest non-zero film thicknesses followed by a smooth
decrease to an approximately constant value of V ~0.32
for 6/D > 0.75.

V. DISCUSSION

Complementing our experimental campaign, we now
present the results of a comprehensive sweep of simu-
lations across several film thicknesses in the range of
0.05 — 1.3 times the droplet diameter of three different
viscosity silicone oils (20, 100 or 350c¢St) for constant
droplet impact conditions of Re = 1230, We = 69 and
Fr = 4.8, which correspond to a 1.6 mm diameter FC-
770 droplet impacting at 0.6 ms~'. Table I presents the
properties of these fluids as well as the expected penetra-
tion velocity for the impact of a FC-770 droplet onto a
deep pool of each fluid at the conditions above given by
equation (1) from Fudge et al. [14], namely

1
V1+2710 + 264y,

V= (1)
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FIG. 3. Comparison between simulations at different film thicknesses for the case of a 20 ¢St silicone oil film being impacted by

a 1.6 mm diameter FC-770 droplet impacting at 0.6 ms™*

resulting in impact parameters of Re = 1230, We = 69 and Fr = 4.8.

The thickness labels apply throughout each column and the time labels throughout each row with ¢ = 0 corresponding to the
theoretical impact time if neither the droplet or film deformed. In each case the droplet interface is depicted in orange, the
film upper interface in blue and film lower interface in green. Note that this does not show the full simulation domain with the
underlying pool thickness being the same throughout but cropped for clarity.

Here pg is the pool to droplet density ratio, Re the
Reynolds number based on the impacting droplet (fixed
at 1230 for all cases here) and p, the pool to droplet
viscosity ratio.

We anticipate observing differing trends for the three
different viscosities. For the lowest viscosity (20cSt),
where the penetration velocity is greater than the same
fluid impact counterpart, we expect to see a decrease in
the penetration velocity towards ~ 0.5 as the film thick-
ness decreases whereas for the highest viscosity (350 ¢St)

TABLE 1. Properties of fluids used in the simulations. The
fourth column presents the theoretical normalised penetration
velocity from (1) for the impact of a 1.6 mm diameter FC-
770 droplet at 0.6ms™' onto a deep pool of the given fluid
(Re = 1230, We = 69 and Fr = 4.8).

Fluid p (kgm™?) u (cP) Vv
20 ¢St Silicone oil 953 19.1 0.607
100 ¢St Silicone oil 960 96.0 0.512
350 ¢St Silicone oil 968 338.8 0.371
Fluorinert FC-770 1793 1.4 0.518

we expect to see an increase in penetration velocity as the
film thickness decreases. For the intermediate viscosity
case (100cSt), where the predicted penetration velocity
is approximately 0.5, we expect to see a constant pene-
tration across all film thicknesses.

Figure 3 shows the time evolution of the impact onto
a 20c¢St film for four of the film thicknesses considered
here, with each column representing a different thickness
and time advancing down the rows with ¢ = 0 corre-
sponding to the theoretical time of impact if neither the
droplet or the film deformed. In this case we expect the
droplet film interface velocity to increase with increas-
ing film thickness, which can be observed in the lowest
row where the interface be be seen to have moved fur-
ther down for the thickest film thickness compared to the
thinnest one. From this figure we can also see how the
motion of the lower interface varies with the film thick-
ness with noticeable deformation visible for the lowest
film thickness (6/D=0.1) to only a slight dimple at late
times for the medium thickness (§/D = 0.5) to no visi-
ble deformation for the thickest film (§/D = 1) visually
showing the difference in the motion of the film for vary-
ing film thicknesses.
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FIG. 4. (a) Displacement of the upper film interface against time for several different film thicknesses in the range 0.05 <
6/D < 1.3 for three different film viscosities (20, 100 or 350 ¢St). In each case the impact conditions correspond to a 1.6 mm
diameter FC-770 droplet impacting at 0.6 ms~" resulting in impact parameters of Re = 1230, We = 69 and Fr = 4.8. The black
solid, dashed and chain lines correspond to displacement at constant speed at the theoretical penetration velocity for impact
onto a pool of the corresponding silicone oils (20, 100 or 350 cSt) respectively with the lines being offset for clarity. Note that
at the parameters considered the predicted penetration velocity for the 100 ¢St case is less than 0.1% different from that of the
same fluid case and thus the dashed line can also be considered representative of the same fluid case. (b) Penetration velocity
against the normalised film thickness for three different film viscosities extracted from the results in panel (a). Also included
are dashed lines corresponding to the theoretical penetration velocity for impact onto a pool of the same silicone oil as the
points of the same colour (corresponding to the black lines in panel (a)).

Figure 4 (a) shows the displacement against time of
the upper film surface for normalised film thicknesses in
the range 0.05 < §/D < 1.3 for the three different film
viscosities considered. From this we clearly observe the
variation of the interfacial speed with the film thickness.
Most notably for thicker films the lines are largely paral-
lel to the corresponding lines for motion at the velocity
predicted for the deep pool case (as shown by the black
lines). The plot also confirms our expectation that in-
creasing the film thickness will result in the penetration
velocity tending towards the deep pool limit. We can
see that for the 20 ¢St film the velocity increases with in-
creasing /D (the solid lines) and for the 350 ¢St film the
opposite is true (the chain lines). We also extract these
velocities and present them in Fig. 4 (b) confirming this
trend. What we can also see from the figure is that there
is a threshold thickness of the film above which we no
longer distinguish any further variation of the penetra-
tion velocity with the thickness at /D ~ 0.5—0.75. This
suggests that as this film thickness for the timescales con-
sidered here the film is thick enough to be considered a
deep pool and we can in fact see from Fig. 4 (b) that
above this thickness the measured penetration velocity is
largely that predicted in the case of a deep pool of the oil
(shown by the dashed lines). This is consistent with the
results of Kim et al. [4] where they found that the max-
imum crater depth formed by a droplet impacting onto
a film only varies with the thickness up to thicknesses
of 1.6 times the impacting droplet diameter. Whilst we
have a slightly different value of the threshold here, we
note that it is of the same order of magnitude and that
there are differences in the scenarios such as the impact

conditions, fluid arrangements (here the droplet and film
are immiscible whereas in [4] they are the same and the
underlying pool different) and the timescales considered.

We also observe from Fig. 4 (b) that for small film
thicknesses in the range 0.10 < §/D < 0.3 there is a
slight upwards deviation in the penetration velocity for
the 100 cSt film case even though we expected it to be
constant across all thicknesses at this viscosity. In fact a
slight upwards deviation could also be considered for the
20 and 350 ¢St cases at these thicknesses too noting that
if all of the points were displaced to make the 100cSt
case constant the 20 and 350 ¢St cases would result in
fairly linear variances of the penetration velocities with
thickness. This consolidates our earlier observation of
this deviation at low film thicknesses in the experimen-
tal results as seen in Fig. 2 where we can see that for
0/D = 0.05 and 0.07 the measured penetration velocity
is larger than 0.5 for both the experiments and simula-
tions performed. This leads us to suggest that there is
an underlying mechanism in the film motion leading to
a slight increase in the penetration velocity compared to
what we would expect. While this merits additional in-
vestigation beyond the scope of the current investigation,
our initial hypothesis is linked to a spring-like mechanis-
tic interaction while the upper and lower interfaces are in
close proximity to one another. In particular, the impact-
ing drop providing energy into the liquid film produces
an initial change in both velocity and pressure inside the
film which will act (on a slightly delayed timescale) on the
lower interface following an early compression stage with
energy build-up. As the lower interface is eventually set
in motion, a recoil effect providing additional downward



momentum to the entire liquid film region becomes no-
ticeable. This is sufficient to further enhance the motion
of the top interface as part of a delicate interplay between
the two fluid surfaces. Access to both pressure and veloc-
ity profiles near the region of symmetry could inform a
first reduced-dimensional model encapsulating the above
dynamics, which we would anticipate providing qualita-
tive (rather than quantitative) understanding of this phe-
nomenon given some of the underlying model reduction
procedures. It could nevertheless provide meaningful un-
derstanding at an analytical level that could underpin
more accurate data-driven variants thereof.

We also turn our attention to the motion of the lower
film-pool interface and its velocity. Figure 5 (a) shows
the displacement of the lower interface for the single case
of a 100 ¢St film for all of the film thicknesses considered
here. From this plot we can observe that there is a delay
in the motion of the lower interface as the film thickness
increases due to the time required for the motion of the
impact to transfer through the film to the lower interface.
For all of the cases we extract the penetration velocity
which we take as the gradient of the straight line fitted
to the final 0.1 time units of the motion as demonstrated
for some of the film thicknesses in Fig. 5 (a) and present
the results for all viscosities in Fig. 5 (b). From this fig-
ure we can see the general trend of the lower interface
velocity decreasing with thickness for all film viscosities
for the times considered here. We also note a minor but
consistent variation of the velocity with the film thickness
with the velocity increasing for increasing film viscosity.
One potential explanation for this is that at higher film
viscosities we expect the film to behave more solidly and
thus transfer the motion through the film more strongly
resulting in a faster lower interface motion. Also follow-
ing on from the results in [18] we note that any upwards
moving jet will be composed of a decreasing amount of
pool following droplet impact for increasing pool viscos-
ity so this would also result in a larger downwards speed
for increasing film thickness.

VI. CONCLUDING REMARKS

In this work we have systematically investigated the
penetration velocity of both the upper and lower inter-
faces of an oil film floating atop a deep pool impacted
by a droplet of the same fluid as the pool. By using
a range of oil film viscosities we have seen how increas-
ing the film thickness can both increase or decrease the
upper interface velocity depending on whether the deep
pool limit of the oil film is greater or less than the 1/2
value for same fluids that we see when the film is very
thin. The velocity tends towards the deep pool limit
for increasing film thickness for all viscosities and anal-
ogous to the results of [4] we find that there is a limit
of 6/D ~ 0.5 — 0.75 above which the upper penetration
velocity no longer changes, with the film behaving as if
it were an infinitely deep pool analogous to previous re-
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FIG. 5. (a) Displacement of the lower film interface against
time for the single viscosity of 350cSt for the same impact
conditions as in Fig. 4. (b) Extracted penetration velocity for
the lower film interface for all three considered viscosities (20,
100 or 350 ¢St). In each case the velocity is taken as a straight
line fit to the final 0.1 time units in the curves in panel (a) as
demonstrated by the dashed lines for some of the cases.

sults in the literature for the depth of the crater formed
during impact [4]. We have also discovered that at low
film thicknesses (0.10 < /D < 0.3) we can observe a
slight increase in the upper penetration velocity which
we attribute to the interaction between the upper and
the lower film interfaces.

Furthermore we investigated the motion of the lower
film-pool interface, uncovering that for the times con-
sidered here the velocity decreases as the film thickness
increases due to the time delay of the impact transferring
through the film. We also found that the lower interface
velocity only varies weakly with the oil film viscosity with
a slight increase in the velocity with increasing viscosity
which we attribute to the greater stiffness of the film
causing larger bulk motion in the film.

By combining experimental results with high resolu-
tion three-phase simulations, as well as theoretical pre-
dictions for the impact onto deep pools [14], we have pro-
vided detailed insight into the dynamics of droplet impact
onto a liquid film floating on a deep pool. Applications
include mitigating oil spread after spills [1] or the manu-



facture of encapsulated drugs [2]. Further work will focus
on the small deviation seen for small film thicknesses with
a deeper sweep of the parameters in this regime to more

fully investigate this effect, or more in depth modelling
of the lower interface motion to incorporate its temporal
evolution and effect on the full multi-liquid system.
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In this thesis we have investigated various phenomena related to droplet impact,
focusing largely on how the substrate properties (such as viscosity for a liquid
substrate or curvature for a solid one) affect the outcome of the impact (for example
the penetration velocity or whether splashing occurs). In this final chapter we will
now summarise the key findings of this work, as well as the main contributions
made to the field. For each individual research thread we also highlight future
developments that could be made to build upon the work, while also identifying

new opportunities for further research.

7.1 Penetration Velocity

In chapters [3] and [6] we investigated the penetration velocity of the common droplet-

pool and droplet-thin film interfaces respectively. Building on initial energetic
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modelling in the literature for same fluid impacts where we expect a penetration
velocity of one half the impacting droplet velocity [46], |51, |52], we introduced
differences between the droplet and pool fluids. The contrast in density was
introduced by accounting for the pool density when finding the kinetic energy of
the motion of the pool. To account for the pool viscosity we used a simple scaling
argument for the viscous dissipation in the pool depending on a fitting parameter,
which we then included in the overall energy balance. By performing numerical
simulations across a large range of data across several different density and viscosity
ratios, as well as impact speeds, we were able to fit the model to the produced data.
From the provided values of the fitting parameters we found an explicit equation for
the penetration velocity as a function of the density and viscosity ratios and impact
Reynolds number. This model showed very good agreement to the experimental
and numerical data in the work, spanning over an order of magnitude in both
density and viscosity ratios, as well as results reported in the literature for differing
fluid cases [71]. Furthermore in our later work on viscous splashing in chapter [4]
we tested the validity of the penetration velocity equation for much higher impact
speeds and viscosity ratios. The results verified that the model continued to agree
well with experimental and numerical results even at viscosity ratios up to 10°, and
was consequently a key piece in explaining the results therein.

Chapter [6] built upon these results and extended them to a new case whereby we
had a droplet impacting onto a deep pool of the same fluid coated with a thin film
of a different fluid. In this case we considered the two limiting scenarios of zero and
infinite film thicknesses, which devolved into two simple cases of the above scenario
where the fluids are either the same (for zero film thickness) or are the droplet and
a deep pool of the film (for infinite film thickness). We showed how, depending on
these two limiting cases, we may observe either an increase or decrease in the velocity
of the droplet-upper film interface as we increase the film thickness for different film
viscosities. We did note however a deviation in the results for small but non-zero
film thicknesses where a penetration velocity larger than either of the limiting cases

was observed. We attributed this to interactions between the upper and lower film
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interfaces only possible at these small thicknesses. Furthermore we investigated the
motion of the lower film-pool interface showing a delay in the motion caused by the
film thickness, as well as a weak dependence on the film viscosity attributed to the
effective stiffness of the film transferring the motion to the lower interface.

One potential extension of this area of work could be a greater investigation of
the penetration for cases where the droplet is more viscous that the impacted pool.
Whilst the model in chapter [3| included the viscous dissipation in the pool it does
not include dissipation in the droplet. Attempts to include this dissipation however,
resulted in a poorly fitted model that did not agree well with the observed results.
This could be due to the fact that the amount of energy dissipated in the droplet
is largely constant across the range of parameters considered, thus producing an
poorly conditioned fitting. In Appendix C of the paper however, we observed that
at low pool viscosities the percentage of the total viscous dissipation occurring in
the droplet actually became significant (being ~ 75% of the total dissipation for
a viscosity ratio of 0.0625). Consequently one aspect of future work in this area
could be the incorporation of the viscous dissipation in the droplet to the model in
order to improve its performance at low viscosity ratios. Furthermore, we noted
in the modelling section that by relaxing the assumptions about the flow field in
the pool, the prefactor of 3 in front of the density ratio could be changed to be a
general parameter to be found. Further work therefore could focus on more detailed
modelling of the flow field in the pool to explain the modified value found by the
fitting and whether it can be achieved robustly in a generalisable manner. One final
inclusion could be to also account for the changing surface energies in the energetic
balance which was assumed to be negligible, but could become significant in the

case of large scale droplet deformation or large interfacial tensions.

7.2 Splashing on a Viscous Pool

Chapter 4| presented the results of the impact of a droplet onto a deep immiscible
viscous pool with a range of viscosity ratios from O (1) to O (10°), investigating how

the threshold to splash varied with the viscosity ratio. We identified two different
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regimes, a low pool viscosity regime (pool to droplet viscosity ratios less than
~ 35) where the threshold to splash increased with pool viscosity and the splash
originates from the pool fluid, and a high pool viscosity regime (pool to droplet
viscosity ratios greater than ~ 35) where the threshold to splash decreased with
the pool viscosity and the splash originates from the droplet. These two regimes
were separated by a remarkable point (at a viscosity ratio of approximately 35)
where no splashing was observed at any achievable impact speed in the laboratory
experiments nor in numerical simulations (albeit axisymmetric) at the terminal
velocity. We explained the differing origin of the splash by building upon previous
results [41], quantifying the composition of the ejected jet between droplet and
pool fluids for several values around the critical viscosity ratio. Here we found
a transition between a jet consisting almost entirely of pool fluid to one entirely
of droplet fluid in this non-splashing regime.

Furthermore, noting that in the high pool viscosity regime the splash originated
from the droplet, we followed on ideas from previous work considering splashing
on soft solids [27]. By combining the ideas therein with the results from chapter
on the velocity of the common droplet pool interface, we were able to quantify
the reduction of the maximum pressure in the droplet due to the cushioning effect
of the pool motion. The use of the equation for the penetration velocity to find
the maximum pressure was then found to successfully collapse all the pressure
curves across the different viscosities onto a single curve, predicted by Wagner
theory. Using this result, in conjunction with the notion that in order to splash
we need the maximum pressure in the droplet to exceed a certain threshold to
splash, we were able to derive an equation determining the critical speed required
to splash. This equation showed excellent agreement with the experiments results
in this regime, especially for viscosity ratios greater than 3,000. Some deviation
between the experimental and theoretical results was observed below these viscosity
ratios, with the equation overpredicting the splashing threshold. We theorised
this may be due to the droplet-pool interface not reaching the predicted constant

theoretical speed. This has the consequence that the pressure reduction is less
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than predicted by the theoretical model leading to splashing occurring sooner than
expected. Consequently, future work in this area could focus on the early time
dynamics of the droplet-pool interface in order to find a temporal dependence of
the interface velocity, and thus a more accurate prediction of the pressure reduction
in the droplet at the times relevant for splashing.

We also pursued a theoretical incursion into the splashing threshold for the
lower viscosity pools, noting that this time the maximum pressure in the pool is
of importance, as this is where the splash originates from. By considering a force
balance on an element of fluid at the root of the jet from which the splash is ejected,
we noted that the driving force of the jet (the pressure in the pool) is opposed by a
resisting force (the viscous dissipation in the pool). From our numerical results we
demonstrated that the maxima of both occur at the root of the jet. Therefore in
order for this jet to form and lead to a splash we required the maximum pressure
in the pool to exceed the maximum viscous dissipation. Our numerical results in
this regime showed that the maximum pressure in the pool is largely constant, and
that the maximum viscous dissipation increased (largely linearly) with the pool
viscosity. This explained our observation that the threshold to splash increased
with pool viscosity as the jet is opposed by increasingly strong viscous dissipation
but driven by a largely constant pressure. In this work however we did not develop
a theoretical framework for the values of these opposing forces in the production
of the jet due to the challenges of deriving the complicated flow fields within the
jet root. Thus future work could be conducted into modelling the jet root flow in
this regime. This would allow the quantification of the variance of the pressure
and viscous dissipation to derive a condition for the splashing threshold similar

to that found for the high viscosity case.

7.3 Splashing on Curved Surfaces

In chapter [5| we investigated the impact of droplets onto solid surfaces focusing on
how the splashing threshold depended on the surface curvature for both convex

(spheres) and concave (lenses) surfaces. For both cases we observed an increase in
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the splashing threshold for increasing positive curvature. That is, smaller spheres
resulted in an increased threshold to splash, and more strongly curved lenses (which
have a negative curvature and thus an increasing value means a flatter lens) have a
decreased threshold to splash. In contrast to previous work, we plotted the splashing
threshold against the reciprocal of the product of the droplet and surface radii of
curvature (specifically 1/rg4rs where r4 and rg are the droplet and surface radii of
curvature) instead of simply the ratio of the radii. This was due to the fact increasing
either of these values has the same effect as larger droplets are more likely to splash
as are impacts onto surfaces larger radius of curvature. Consequently if using the
ratio of the radii one could increase both by the same factor and obtain the same
ratio and yet the splashing threshold would not be the same. Non-dimensionalising
the reciprocal product as defined above resulted in a compound Ohnesorge number
based on both the droplet and surface curvature.

We explained the observed variation of the splashing threshold with the surface
curvature using a recently developed theoretical framework [54] to model droplet
splashing on solid surfaces, taking into account the effect of the surrounding air.
Specifically one parameter of interest was the wedge angle between the spreading
droplet lamella and the surface, whose value was depended on in the splashing
parameter but was always taken as a constant for flat surfaces. We showed however,
that for curved surfaces this wedge angle is altered by the surface curvature, being
increased for convex surfaces as the surface curves away from the spreading droplet
or decreased for concave surfaces as it curves towards the droplet. This then affected
the air motion whereby for the convex surfaces the air is able to "escape' from
underneath the lamella down the curving surfaces, reducing the lift effect on the
lamella and thus its tendency to break up and splash, with the reverse true for the
concave surface. Through a combination of geometrical reasoning and results from
the experiments, we were able to find a functional relationship between the substrate
curvature and the effective wedge angle between the spreading droplet and surface.
Using this effective wedge angle in the splashing criterion then collapsed the data for

all curvatures onto one single threshold thus capturing the effect of the curvature.
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Furthermore we noted that, unlike impact onto flat surfaces where it does not
matter where on the surface the droplet impacts, for curved surfaces the result
could be significantly affected depending on where on the surface the impact occurs.
Whilst impacting exactly on the centre of the curved lens or sphere resulted in
axisymmetric dynamics, when impacting off centre there was a spatial variation
as some parts will be travelling upwards and other downwards, similar to impact
on inclined surfaces. The results indicated that in the transition region, where
both splashing and non-splashing occur, the effect of a large offset was to enhance
splashing. Specifically we noted that splashing was enhanced in the downward
direction and reduced in the upward direction, in agreement with the results in
the literature for impacts on inclined surfaces. When considering the substrate
curvature however, this appeared to disagree with the general result found for
the effect of the curvature. This is because in the uphill direction the effective
wedge angle is decreased, which was shown to enhance splashing, and yet in the
non-axisymmetric case splashing was reduced in this direction. This suggests some
additional effect due to the inclined impact, which could be the focus of future
work in this area to quantify the effect of non-axisymmetry as well as substrate
curvature. Previous work in the literature has investigated such inclined impacts |20}
57, 58], and could act as a foundation for such further work. Finally, one specific
challenge of the work was imaging the impact of droplet onto concave lenses due to
the curvature of the lens obscuring the point of impact. Future investigations in
this area could thus implement a different imaging approach, for example having
a camera aimed from above at an oblique angle, to allow better imaging of the

dynamics within the lens to provide further insight.

7.4 Future Work: Impact and Splashing Thresh-
old of Rotating Droplets on Liquid Pools

As part of previous work on droplet impact onto solid surfaces, tangential compo-
nents of velocity relative to the surface and their effect on the impact dynamics

and thus the splashing threshold have been considered [57-59]. The usual way to
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introduce such a tangential component is to impact the surface at an oblique angle
157, or to have the surface itself moving [59]. Another, and less well explored,
way is to have the droplet itself be rotating prior to impact. Considering a case
where the droplet is rotating about an axis parallel to the flat surface (as if the
droplet rolled off of a surface before falling down) one side of the droplet will have
a greater impact speed (the one rolling into the surface) than the other, resulting
in non-axisymmetric motion. Figure [7.1] shows an example of this, where a 3.4 mm

I with zero rotational

water droplet is impacting onto a deep water pool at 1.9 ms™
speed in panel (a) and whilst rotating at a speed of 10 Hz clockwise in panel (b).
We note that at this rotational speed the resulting linear speed at the edge of the

droplet is 0.11ms™!, or approximately 5.6% the falling speed of the droplet.

Figure 7.1: Time sequence of a 3.4mm water droplet impacting onto a water pool at
1.9ms™! (a) With no rotation and (b) With a rotational speed of 10 Hz clockwise. The
scale bar in the top right image applies throughout and each frame is 40 us apart.

From this there is a clear difference introduced by the, relatively minor, rotational
speed. For the non-rotating case in panel (a) we can observe that there is a largely
axisymmetric lamella ejected at the point of impact which rapidly breaks up into
many smaller droplets whilst the bulk of the pool smoothly moves upwards forming
a crown. The rotating case in panel (b) however displays remarkably different
dynamics, with the left hand side where the droplet is rotating away from the pool
exhibiting a strongly formed and almost horizontal lamella that disintegrates into

many droplets. On the right hand side where the droplet is rotating into the pool,
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there is a much less prominent lamella formed with it only slightly appearing on
the side of the droplet. This is to be expected however, as the flow field caused by
the rotation will transport fluid from the inwards rotating direction to the outwards
direction. This is however somewhat contradictory with the results discussed above
for impact onto inclined surfaces where splashing is enhanced in the downwards (and
thus faster direction). Here instead, the rotation of the droplet actually decreases
the vertical component of the speed in the upwards direction and yet this is where
there is enhanced splashing. One potential explanation for this is the bulk transfer
of fluid along the underside of the droplet mentioned above causing a stronger
(and more horizontal) jet in this direction. We can also notice a significant change
in the shape of the crown of fluid produced at later times with it being higher
on the outwards direction and much more irregular and breaking up into smaller

droplets unlike in the non-rotating case.

t=0 t=0.075 t=0.15 t=0.225

t=0.45

Figure 7.2: Example 2D simulation of a rotating droplet impacting an immiscible pool
at Re=1000, We=200 and Fr=10 and non-dimensional rotational speed of 0.5 clockwise
with pool to droplet density and viscosity ratios of 0.52 and 1.33 respectively. Note that
t=0 corresponds to the theoretical time of impact if neither the droplet or pool deformed.
The small white dot between the droplet and pool is an entrapped air bubble.

Furthermore we have conducted preliminary numerical simulations of rotating
droplets confirming the features observed in these experiments. In Fig.[7.2) we present
the result of a 2D simulation of a rotating droplet impacting an immiscible pool with
parameters Re=1000, We=200 and Fr=10 rotating clockwise at a dimensionless
speed of 0.5. We also note that this combination of parameters did not result in
splashing unlike those seen in the experiments in Fig. Whilst the simulation is

not fully 3D due to the additional computational complexity and corresponding
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cost to run, it highlights some important common features when compared with
the experiments. Most notable is the clear difference between the lamellae either
side of the droplet. On the left hand side where the droplet is rotating out of
the pool the lamella is more strongly formed and largely horizontal, whereas in
contrast the right hand lamella is much smaller and oriented more to the vertical.
Both of these are phenomenological very similar to what is seen in the experiments
and therefore numerical simulations, potentially even just 2D ones, could provide
meaningful insights into the dynamics of rotating droplets.

From these early results we therefore find that even relatively small rotational
speeds, compared to the impact speed of the droplet, can significantly affect the
resulting post-impact dynamics. We observed a spatial variation in the tendency to
splash where splashing can be enhanced or suppressed depending on the side of the
drop and its corresponding direction of rotation. Future work in this area could
be conducted in order to systematically investigate how this effect varies with the

rotational speed, in addition to understanding the underlying mechanism for this.

7.5 Closing Remarks

As part of this thesis we have investigated droplet impact problems experimentally,
computationally, and mathematically in order to explain the effects of different
parameters on the impact outcome. We have shown how differing properties between
the impacting droplet and impacted substrate, be it solid or liquid, can influence
the motion of a common droplet-pool interface or the tendency to splash. One
area of investigation was how the splashing threshold varies for impact onto both
concave and convex curved surfaces. We found a single mechanism explaining
the trend observed for both surfaces, and the subsequent results proved to be
consistent with theoretical arguments proposed in the literature. Furthermore
we also explored the effect of asymmetry on the impact, an additional factor not
applicable for impact onto flat surfaces.

For the case of impact onto a liquid pool, we derived a model for the common

droplet-pool interface depending on differences in density and viscosity between the
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droplet and pool. We verified it both experimentally and computationally across a
wide range of density and viscosity ratios finding excellent agreement between the
results and theory. We also extended this setup to the case of a thin film floating
on a deep pool, finding an additional dependence on the film thickness up until
a limit where it behaves as if a deep pool. Whilst the result for the penetration
velocity is significant in itself, we then proceeded to show how knowledge of the
motion of the drop and pool post impact can be used to explain the variation in the
transition to splashing as a droplet impacts onto a pool of varying viscosity. The
deformation of the pool cushions the impacting droplet reducing the pressure in the
pool and thus the likely hood of splashing similar to that observed in impacts onto
soft solids. Knowledge of whether a droplet impact results in a splash can be of
great importance in many applications such as disease control or inkjet printing, so
the predictive capabilities derived as part of this thesis can be used to improve these
processes and thus achieve better and more controllable results. Furthermore whilst
here we have used the result for the penetration velocity to derive the splashing
threshold on viscous pools, it remains to be seen what further phenomena could be
explained through understanding the motion of the common droplet-pool interface

or the underlying droplet dynamics leading to splashing.
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