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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
Introduction

Contents
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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], a�ect the quality of an inkjet print [4�6], spread oil droplets from

oil spills [7] or even provide clues at crime scenes [8]. 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

�ash 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

di�erent 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

1



1. Introduction 2

produced iconic high speed images of droplets impacting onto pools of milk showing

the crown of liquid created during the impact [10]. Since then the power of high

speed imaging has continuously improved [11] 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) [6].

We can consider droplet impact onto several di�erent types of surfaces, such as

rough solids [12, 13], �exible cantilevers [14�17], inclined surfaces [18�20], curved

surfaces [21�24], soft solids [25�27], deep pools [28�34], thin �lms [35, 36] or �oating

layers [7, 37�39]. These di�erent impact scenarios can result in a plethora of

di�erent phenomena such as upwards Rayleigh jets [28�30], deep craters [31�34],

liquid sheets [40�45], entrapped air bubbles [46�48] or microbubbles [45, 49, 50].

Each of these can depend on a variety of di�erent parameters of both the impacting

droplet such as diameter, speed, viscosity, obliqueness and the impacted surface

such as sti�ness 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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ˆ What is the maximum spreading distance of the impacting droplet?

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

what happens to this crater?

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

its volume?

ˆ Does a jet form and in a multiple �uid case what is the composition of the

jet?

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

and liquid pool?

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

and speeds of the ejected droplets?

ˆ 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 a�ects 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 a�ect the impact dynamics

and subsequent outcome. We will speci�cally investigate two di�erent phenomena,

the motion of the common interface between an impacting droplet and the liquid

pool or �lm being impacted (presented in chapters 3 and 6) and whether the impact

results in a splash (presented in chapters 4 and 5). 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 sti�ness for example). We also present an overview of the

literature on computational �uid dynamics (CFD) methods used to investigate

these and other �uids problems.

Chapter 3 then presents the �rst paper,Dipping into a new pool: the interface

dynamics of drops impacting onto a di�erent 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 �uid, 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 �rst time we systematically investigate how this penetration

velocity varies in the case of di�erent droplet and pool �uids, speci�cally how the

ratios of the pool to droplet density and viscosity a�ect 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 �nd 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 di�erent 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

(� p=� d . 35) and decreases thereafter. Interestingly, we in fact �nd 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, con�rming our results as well as

previous explorations in speci�c parameter regime subsets found in the literature.

In the �nal part of this manuscript we use the results for the penetration velocity

of the previous chapter to model the cushioning e�ect 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 a�ects

the splashing threshold. We �nd 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 e�ects of the surrounding air. From this we model how the curvature

of the substrate a�ects the lift force of the spreading lamella and thus its tendency to

splash, resulting in a modi�ed splashing parameter for curved surfaces. Finally we

also investigate the e�ect of non-axisymmetry in impact on curved surfaces and how

this can a�ect the splashing dynamics resulting in a spatial distribution of the splash.

For the �nal paper in chapter 6, Drop impact onto immiscible �lms �oating on

deep pools, we return to the topic of the penetration velocity, examining the impact

of a droplet onto an immiscible �lm �oating on a deep pool of the same �uid 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-�lm

interface as well as the lower �lm-pool interface vary with the �lm thickness. We

expect limiting cases as the �lm thickness tends to zero, where it should behave

as if it were a single �uid case, and as the thickness tends to in�nity, where the
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�lm 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 �lm

thickness depending on the aforementioned limiting cases. We also �nd a limiting

�lm thickness above which there is no further change in the penetration speed

observed. We observe some deviation in the expected result for low �lm viscosities

which we attribute to interactions between the upper and lower interfaces of the

�lm. Finally we also investigate the motion of the lower �lm-pool interface and how

its motion varies with both the �lm thickness as well as the �lm viscosity which we

attribute to the delay in the impact motion being transferred through the �lm.

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:

ˆ Fudge, B.D., Cimpeanu, R. and Castrejón-Pita, A.A."Dipping into a new pool:

the interface dynamics of drops. impacting onto a di�erent liquid". Physical

Review E 104.6 (2021): 065102. Available athttps://journals.aps.org/p

re/abstract/10.1103/PhysRevE.104.065102

ˆ Fudge, B.D., Cimpeanu, R., Antkowiak, A., Castrejón-Pita, J.R. and Castrejón-

Pita, A.A. "Drop splashing after impact onto immiscible pools of di�erent

viscosities". Published in revised format in Journal of Colloid and Interface

Science 641 (2023): 585-594. Available athttps://www.sciencedirect.co

m/science/article/pii/S0021979723003995

ˆ Sykes, T.C., Fudge, B.D., Quetzeri-Santiago, M.A., Castrejón-Pita, J.R. and

Castrejón-Pita, A.A. "Droplet Splashing on Curved Substrates". Journal of

Colloid and Interface Science 615 (2022): 227-235. Available athttps:

//www.sciencedirect.com/science/article/pii/S0021979722001564

ˆ Fudge, B.D., Cimpeanu, R. and Castrejón-Pita, A.A."Drop impact onto

immiscible �lms �oating on deep pools". Draft paper.
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2.1 Splashing Threshold

As noted in the introduction, droplet impact can be of great importance in many

applications. Speci�cally 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 [5]. The determination of the

splashing threshold generally consists of �nding the impact parameters that result in

a splash (i.e. there is ejected �uid from the impacting droplet or liquid pool if there

is one). The impacting droplet is characterised by its diameterD, impact velocity

V0, density � d, viscosity � d and surface tension� d as demonstrated in Fig. 2.1.

These parameters are combined into the non-dimensional groups of the Reynolds

8
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number, de�ned asRe = � dDV0=� d representing the balance between inertia and

viscosity, and the Weber number, de�ned asWe = � dDV2
0=� d representing the

balance between inertia and surface tension. Sometimes the Ohnesorge number

de�ned as Oh=
p

We
Re = � d=

p
� dD� d is used instead [6]. One can also include the

e�ects of gravity, g by including the Froude number, de�ned asFr = V 0=
p

gD.

However for most impact problems this takes a su�ciently large value (� 1) and

thus is often not of great importance [6]. The main task therefore is to �nd

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 �lm or the sti�ness, roughness or

curvature etc. for a solid surface or other factors such as the inclination angle.

Figure 2.1: Schematic of droplet, with diame-
ter, density, viscosity and surface tensionD , � d,
� d and � d respectively impacting at speedV0

accelerating due to gravity g onto a substrate.
The substrate properties could include density
� s, viscosity � s or thickness � for liquid pools
or �lms or sti�ness E, roughnessRa, radius of
curvature Rc for solid surfaces at an inclination
angle � .

The earliest work in this area was

performed by Stow and Had�eld [12]

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

vestigated the impact of droplets onto

rough solid surfaces �nding that the

dimensionless grouping(We
p

Re)n

needs to be greater than a certain

threshold to splash. This dimen-

sionless grouping is now commonly

referred to as the splashing parameter

[6, 18, 35, 55, 56] with the most

common values ofn being 1 and 1=2

(here in this work we will usen = 1

for splashing on viscous pools and

n = 1=2 for splashing on spheres).

Whilst these early investigations were

purely experimental in nature with

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

argument as to the underlying physical reasoning behind it. However, a theoretical
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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 �lms 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 quanti�ed via the contact angle [62], or via the substrate

sti�ness [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 quanti�ed 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 signi�cant amount of research has been conducted

into �nding 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 �nding the splashing

threshold, although have presented con�icting 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 [24]. 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 a�ecting the result.

Potentially the most unexpected result was that of Xuet al. [68], 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 2.2 taken from Xuet al. (2005)

[68] 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 signi�cant lifting o� of the lamella from the

surface and vigorous disintegration into droplets. For the lower pressures there is

no longer any lamella lifto� 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

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: Xuet al. (2005) [68].
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onto another liquid this upwards motion can be caused by the displacement of

the underlying �uid, 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 e�ect

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 e�ect on it introducing a new splashing parameter

including the air properties. This theory about the air having an e�ect on the

splashing threshold will be further investigated in chapter 5, where we will examine

how the surface geometry (speci�cally the curvature) a�ects the air motion and

thus splashing threshold. This will enable us to resolve the con�icting results

concerning splashing on spheres discussed above.

Investigation into splashing on impact onto other �uids is comparatively sparse

however, especially for the case of di�ering �uids. One particular case of note is that

of Kittel et al. [40], where they investigated the impact of silicone oil droplets onto

thin �lms of silicone oils of varying viscosities. By systematically varying the viscosity

ratio between the droplet and �lm they found that for viscosity ratios signi�cantly

di�erent from unity the splashing threshold could be characterised by the properties

of just one of the �uids. Speci�cally, 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 �uid in each case the splashing threshold could be

well de�ned. This result was supported by the work of Marcotteet al. [41] where

both experimentally and numerically they studied the impact of droplets onto pools

of varying viscosity, �nding that the formed jet consisted largely of the low viscosity

�uid 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 signi�cantly

a�ected 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 signi�cant motion and thus the common

interface speed to be e�ectively 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 �uid. 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 veri�ed both experimentally [46, 47, 51] and numerically [69, 70]. Extension

of this to cases where the droplet and pool di�er 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 su�ciently 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 Liet al. [71] found

some deviation from the half impact speed value for same �uids but did not venture

to �nd 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 �uid

case to that of a general multi-�uid 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 �uid dynamics
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problems has been the vast increase in computer power and the subsequent use

of computational �uid 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 Fusteret 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 di�cult. The multiphase methods must be able to handle these

di�culties 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:

ˆ 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;

ˆ Accurate representation of surface tension, which requires accurate estimates

of interface normals and curvature;

ˆ 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� 780and a

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

ˆ E�cient representation of evolving �ow features of widely di�erent character-

istic spatial scales, for example millimetric size droplet impacts can result in

air �lms on the order of micrometers.

Figure 2.3 taken from Fusteret al. (2009) [78] shows an example multiphase �uids

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 �gure we can distinguish the large scale di�erences 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 �ows such as large di�erences
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 �uids. Source: Fusteret al.
(2009) [78].

resolutions required from the �at 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 e�ects driving the breakup, as well as handling

the large di�erences in density and viscosity between the pool and surrounding air.

2.3.1 Governing Equations

As is the case for any �uid dynamics problem the underlying governing equations

are the Navier-Stokes (NS) equations as given in(2.1), whereD ij � (@i uj + @j ui )=2

is the deformation stress tensor,� , � and � the density, viscosity and surface

tension respectively,� and n the curvature and normal vector of the interface

respectively and� s the Dirac delta function that takes a value of1 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:

� (@tu + u � r u) = �r p + r � (2� D ) + ��� sn + F;

r � u = 0:
(2.1)

For multiphase �ow problems, on top of the standard �uid 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 of1 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 �uid or VoF �eld) then allows other properties

(such as density or viscosity) to be expressed in terms of the VoF. For example if

we denote the VoF variablef and the values of a variableX 1 and X 2 for phases

1 and 2 respectively, then we can express the variable asX = fX 1 + (1 � f )X 2.

This allows us to formulate the momentum equation in the NS equations as one

single equation for both phases when expressing the �uid properties in terms of

this VoF variable. We then require an additional equation governing this VoF

variable given by eq.(2.2), which is simply a conservation equation for the VoF

�eld, which is a requirement that in addition to conserving the overall mass the

mass of each phase must be conserved:

@t f + r � (f u) = 0 : (2.2)

This method can even be extended to other cases such as porous �ow, where

the VoF �eld represents the impermeability distinguishing the movable �uid 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, �rst developed by Harlow and

Welch in 1965 [83], whereby they were able to simulate dam breaking. The �uid

cells inside the dam before breaking were marked, and their trajectories, and thus

that of the overall �uid, were able to be tracked. One advantage of this method is
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that it is able to resolve details �ner than the grid resolution, as demonstrated in

the thin liquid bridge shown in Fig. 2.4 taken from Scardovelli and Zaleski (1999)

[79] as the marker spacing can be smaller than the cell size. This method however

fails to accurately resolve the features if there is a signi�cant di�erence in density

or viscosity between the two phases, as the �nite size of the grid will not be able

to capture the varying scales in the velocity and pressure �elds [79]. Another

advantage of this method is that the interface can be represented by a polynomial

�tted to the marker points, thus allowing accurate predictions of the interface

curvature required for calculating the surface tension term as discussed above [84].

Figure 2.4: Example demonstration of
a marker method of interface tracking
showing how features, such as thin bridges,
smaller than a grid cell in size can still
be captured with this method. Source
Scardovelli and Zaleski (1999) [79].

A second commonly used technique is the

level set method, �rst introduced by Osher

and Sethian [85] in 1988, whereby the

interface is de�ned in terms of a higher di-

mensional function. Speci�cally the func-

tion �nds the signed distance from each

cell to the interface. This distinguishes the

di�erent phases with positive and negative

values of the distance function and thus

the zero value of the function corresponds

to the interface position [86]. At each

time step the level set function is then

advected with the �ow [87]. This method

is advantageous as the explicit de�nition 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 2.5 from Gibouet 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 �gure 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 di�erent
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) [86].

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 [86, 87].

The �nal 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 di�erential equation

solver [88] developed as the successor to Gerris [89, 90]. It is widely customisable

and provides capability to handle numerous �uid dynamics problems, from small

scale droplet impact to tsunami modelling. It has been widely adopted by the �uid

dynamics research community, with many examples of papers published using the

framework available on its website [91]. Fundamental studies involving multi-�uid

systems with interfaces have been a particular point of strength of the package [92],

which is why the package is an ideal choice in terms of implemented methodology

for interfacial �ow aspects, which we elaborate on further. The aforementioned VoF

method is so named as it actually uses the underlying VoF �eld to reconstruct the
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interface, and thus has the advantages of not requiring any extra �elds using one

that is already in use, naturally conserves mass due to the VoF �eld 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 �eld.

Figure 2.6 (a) taken from Tryggvasonet al. (2011) [80] shows an example

interface cutting through several cells as well as the values of the VoF �eld 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), whereh is the cell size, severely limiting its accuracy [79]. A

Figure 2.6: Demonstration of interface capturing methods for the VoF method. (a) The
actual interface as well as the values of the VoF �eld 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 (c) Reconstruction
using the piecewise linear interface construction (PLIC) where each interface section is
represented by a straight line with normal direction m. Source: Tryggvasonet 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 (c). 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 su�ciently

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

�nite di�erences to �nd gradients in the VoF �eld 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 �eld is then advected in each time

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

2.3.3 Spatial Discretisation and Adaptive Mesh Re�nement

Another challenge of multiphase �ows is the changing geometry of the con�guration,

for example for a single phase �ow within a channel of �xed geometry the channel

boundaries can be made to be higher resolution to ensure that the �ow is well resolved.

However for droplet impact problems there are interfaces between several di�erent

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 re�nement (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 2.7

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.

2.7, 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.

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 e�cient access of data

between neighbouring cells required to perform calculations such as �nite di�erences

for approximating derivatives. The quad/octree structure also allows e�cient

access to data of all cells for given re�nement 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 e�ciently 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 e�ort 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 �uids. 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 di�erent 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 su�ciently 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 re�nement method itself

can be found at [97, 98]. De�ning the di�erence between the original value and

the sampled variable just described as� , we de�ne a maximum acceptable value

of this di�erence, denoted as� . This threshold value can take di�erent values for

each parameter considered. We then subsequently re�ne (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):
8
><

>:

re�ne if � > �;
coarsen if� < 2�=3;
no change otherwise:

(2.3)

Thus it is possible for a cell to remain at its current resolution if2�=3 < � < �

for each considered parameter. Note that we only consider leaf cells for re�nement 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 de�nition of

maximum and minimum resolutions such that a cell at the maximum level cannot

be re�ned 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 modi�ed 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 speci�c 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 modi�ed 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 ine�cient, resolution level. One

�nal modi�cation 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 su�ciently 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 e�ort. The combination of these various adaptivity techniques allows

for much more e�cient 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 212 grid points in each dimension would have a total of16;777;216grid points,

while a typical simulations using adaptive meshes has of the order of� 100;000grid

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 e�cient way. This enables in depth parametric investigations

across several parameters of interest not otherwise feasible.

2.3.4 Three-Phase Method and Veri�cation

Much of the work presented here pertains to the impact of droplets onto pools of

another �uid, investigating how di�erences in the properties between the di�erent

liquids a�ect 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

�eld 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 phasesi , j and

k the surface tension coe�cient� i is set to be equal to(� ij + � ik � � jk )=2 where
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� ij is the interfacial tension coe�cient between phasesi and j . From this de�nition

we can identify that at the interface where phasesi and j meet, the sum of the

surface tension coe�cients� i and � j is in fact equal to � ij , the required result.

Furthermore we note that we now express the �uid properties in terms of all three

VoF �elds as an extension to that given above (i.e. we can express variableX as

X = f 1X 1 + f 2X 2 + f 3X 3). The advantage of this method is that other than some

minor checks to make sure that the three VoF �eld sum to unity, this implementation

requires very little modi�cation 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 de�ned 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. 2.8 (a) whereby an initially spherical droplet is placed

halfway in a liquid pool surrounded by air. Due to the e�ect 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. 2.8 (b)

for a phasei out of i , j and k the angle inside phasei is given by

� i = cos� 1

 
� 2

jk � � 2
ij � � 2

ik

2� ij � ik

!

: (2.4)

For the example shown in Fig. 2.8 the interfacial tensions take the values of

� dp=� da= 0:8 and � pa=� da= 1:2 and consequently the theoretical droplet, pool and air



2. Literature Review 25

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 � dp=� da= 0:8 and � pa=� da= 1:2 denoted by the arrows where the subscriptsd; 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 de�ned in the right
hand image are given by� d= 99:1o; � p= 124:4o and � a= 136:5o respectively whereas the
simulation values are� d= 100:7o; � p= 122:7o and � a= 136:1o respectively all � 0:5o, a very
good agreement with a less than2% di�erence 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(2.4) are given by� d;Theory = 99:1o, � p;Theory = 124:4o and � a;Theory = 136:5o

respectively. Analysing the simulation results to extract the angles gives values of

� d;Sim= 100:7o, � p;Sim= 122:7o and � a;Sim= 136:1o all values � 0:5o which is very good

agreement with the theoretical values. Figure 2.8 (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. One potential explanation for the

discrepancy could be the inclusion of gravity in the simulations, which has been

shown to have an e�ect on the equilibrium shape [105], 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 to0o or 180o,

a known limitation of the solver used here [106]. Further veri�cation tests are

performed such as �nding the location of the triple contact point and comparing

it to theoretical predictions [103].

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 a1:4mm diameter FC-770 droplet impacting onto a1000cSt

silicone oil pool at1:72ms� 1. We note that this corresponds to a typical impact

scenario seen later in chapter 4. Figure 2.9 shows the result of the comparison

of the spreading distance (as de�ned 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 di�erences

potentially attributable to uncertainty in the measurement of the diameter and

velocity of the impacting droplet.

Figure 2.9: Comparison of the spreading distance between experiment and simulation
for the impact of a 1:4mm diameter FC-770 droplet onto a 1000cSt silicone oil pool at
1:72ms� 1 (corresponding to Re=3100; We=500; Fr =14:7) with the spreading distance
as de�ned in the inset. Heret = 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 re�ection in the pool.

This result, combined with the above liquid lens case, provides enough con�dence

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 �lm, particularly

when it becomes very thin. We note that the maximum resolution in the work

here isO(0:5� m), 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 �ow 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 �uid dynamics. Focusing speci�cally

on the area of droplet impact and transition to splashing we have explored the �rst

systematic investigations into the splashing threshold and the splashing parameter.

This has then been extended to �nding the splashing threshold in a variety of

di�erent circumstances such as soft solids, curved surfaces or thin �lms. For the

speci�c 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 �uid impacts.

Finally, we considered the development of computational �uid dynamics methods

to perform simulations of droplet impact phenomena, focusing on the developments

to deal with the speci�c di�culties 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 di�erent 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 �uids, but for the �rst time here we introduce a general multi-�uid system.

Combining high speed imaging experiments with direct numerical simulations we

quantify the e�ect of di�ering densities and viscosities between the droplet and

pool, showing signi�cant deviations from the half impact speed previously found

for same �uid impact. In order to accurately account for di�ering �uid 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 �uid cases to a

general multi-�uid formulation, taking into account the di�ering 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 �lm or bubble allowing for accurate measurement

of the interfacial velocity. This tracking method proves to be robust even for cases

where there is signi�cant di�erences 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 a�ect the analysis of results.

3.2 Publication: Fudge, Cimpeanu and Castrejón-
Pita, "Dipping into a new pool: the interface
dynamics of drops impacting onto a di�erent
liquid" PRE 2021
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