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Abstract

Environmental and economic considerations are amongst the key chal-
lenges faced in the contemporary aviation industry. Increasing fuel, labour and
parts prices, coupled with an ever-tightening legislative environment necessi-
tate a programme of continuing improvement to engine design.

Aero-engines contain bearings housed within bearing chambers and oil is
supplied to the bearing for lubrication and cooling purposes, creating a com-
plex two phase environment. Windage and churning in bearing chambers are
causes of parasitic losses to the engine, and the high temperatures are a major
factor in oil degradation and the formation of carbon deposits. Both of these
factors increase the financial and environmental burden to an airline operator.
Therefore, it is desired to ‘tune’ the chamber to minimise these behaviours. A
key element of bearing chamber design is the ability to understand and model
droplet-film interactions.

A desirable method of modelling is the use Computational Fluid Dynam-
ics (CFD), however these simulations are highly computationally expensive.
Therefore, it is desirable to offer empirical correlations for some elements of
the droplet-film interaction to reduce the computational costs.

In this thesis research is presented that leads to enhanced understanding
and new correlations for droplet impingements on moving films. This repre-
sents a significant addition to knowledge as prior the vast majority of avail-
able data is for impingements on static films. The research outcomes were
achieved by the use of high speed imaging and Laser Induced Fluorescence
(LIF), including Brightness-Based Laser Induced Fluorescence (BB-LIF) ap-
plied across a range of droplet impingement conditions. Experimental data
was then compared to correlations and understanding from static film studies.

This work focused on parameters to determine the impingement outcome,
characteristics of secondary droplets were formed, and the morphology and
development of the crown and cavity.

Secondary droplet production showed a good level of comparability to static
film research, and four distinct mechanisms of droplet production were cate-
gorised. The crown and cavity dynamics after the impingement were compared
to static film models, and modifications proposed to these models in order to
better represent moving-film impingements.

In conclusion, it was found that static film knowledge could be applied
to moving films, either directly or with modification to account for behaviours
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unique to moving-film impingements. This is a useful addition to knowledge,
and will help guide the development of the next generation of CFD modelling.
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Chapter 1

Introduction

The impingement of droplets is a field which has been studied for well over
100 years from initial investigations into the patterns left by falling droplets
[31], early photographic investigations [32], to contemporary experiments using
sophisticated visualisation and measurement techniques [44]. This complex,
multi-phase situation presents itself across a variety of applications. Bearings,
printers, fuel injection and spray painting all involve droplets impinging upon
surfaces. As the commercial and legislative constraints tighten in our increas-
ingly environmentally conscious world, the desire to maximise efficiencies is
obvious.

1.1 Rationale

Jet propulsion is one of the leading propulsion technologies in both military and
civilian aviation, with air passenger numbers in 2015 being four times greater
than in 1980 [47]. Due to the environmental and climate issues exacerbated
by increasing air travel, there are ever-tightening emissions regulations, and
taxation. This in turn creates the need to reduce emissions, increase efficiency,
and reduce maintenance costs. The design of aero-engines is continuously
evolving and improving.

The bearings in an aero-engine are particularly important, as these hold a
shaft rotating at high angular velocities in place to tight tolerances. Failure of a
bearing may cause the entire engine to become inoperable, offering significant
safety concerns and operational costs.

To avert these failures, a rigorous inspection and maintenance regime is
imposed, this typically includes examination of the engine both by eye and with
a borescope, and replacement of all engine fluids that have begun to degrade.
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Replacing engine fluids, and their safe disposal is often costly and requires the
aircraft to be ‘grounded’ whilst the procedure is ongoing, obviously meaning
that it cannot be in commercial service. Alongside these safety concerns, it
is desirable to reduce the parasitic losses associated with the bearings and
bearing chambers. As the rapidly rotating shafts cause shearing forces on the
air, and droplets or mist entrained within this air can cause these losses to
become more significant, in turn increasing fuel consumption, emissions and
operating expense.

Figure 1.1: Oil flow within a typical aero-engine from Klingsporn et al [1]

Therefore, to reduce losses and increase the number of operational hours
between maintenance activities, it is desirable to increase the life of engine
oils and lubricants. This can be undertaken in two ways, the development of
new lubricant compounds, or by redesigning the engine to reduce the rate of
lubricant loss, and degradation.

A typical aero-engine oil system will include a storage tank, a pump to sup-
ply oil to the bearing and gear systems to provide lubrication and cooling. After
passing through a bearing, the oil enters a surrounding chamber, commonly
referred to as the bearing chamber. This area is sealed from the engine, and
current understanding [48] is that the oil travels from the bearing in the form of
droplets and ligaments of fluid to create a film on the chamber walls. This film
then enters a scavenge duct, under shearing forces and gravity, finally before
re-entering the oil system as shown in Fig. (1.2). Due to proximity of bear-
ing chambers to compression systems and combustion equipment, the cham-
ber walls are at a high temperature across all areas of the engine load cycle.
These high temperatures are understood to be one of the principle causes of oil
degradation, and the formation of secondary droplets or mist when the droplets

1.1. Rationale 2
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impinge upon the walls causes an increase in parasitic losses from the engine.
Therefore, increasing knowledge of this environment is of paramount impor-
tance to aid bearing design.

Figure 1.2: Typical oil flow within a bearing chamber (cross section)

Unfortunately, full scale testing rigs are prohibitively expensive, and even if
available, would be almost impossible to access with instrumentation capable
of gathering detailed information on oil behaviours and interactions within the
bearing. Therefore, the majority of work has either consisted of intermediate
scale testing rigs, working at room temperature and pressures, substituting
water for oil, or through computational methods such as Computational Fluid
Dynamics (CFD) or Smoothed Particle Hydrodynamics (SPH).

Although it is possible to compute individual droplets impinging upon cham-
ber walls with extreme precision using these methods, such as in the work
by Peduto [49], to do so on the scale of a complete bearing chamber would
be highly computationally expensive. An approach proposed by Adeniyi et al.
[2] to reduce the computational cost of simulations is to separate the impinge-
ment into two components; the production of droplets, and the heat and mass
transfer to the wall-film. This is shown in the schematic in Fig. (1.3). This is
undertaken by the use of experimentally derived correlations in lieu of com-
plex simulations of every impingement within the bearing chamber. Although a
review of the literature shows that many correlations exist for droplet impinge-
ments on static films, few of these have been shown the be also on moving
films. Furthermore, in some cases, such as the splashing parameter discussed
in section 2.1.2, there is a lack of consensus, with many correlations and forms
of nondimensionalisation being proposed by various authors throughout the lit-
erature. All of which makes clear the pressing need for more study into this
field.

1.1. Rationale 3
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Figure 1.3: The combined Discrete Particle Modelling/Volume of fluid ap-
proach used to model droplet impingements [2]

1.2 Aims and Objectives

This work aims to understand the differences between static and moving film
impingements, and to establish to what extent static film correlations can be
applied to moving film impingements. Further, the thesis aims to establish
changes and improvements to more accurately represent moving film scenar-
ios. In droplet production, crown formation, and cavity expansion. This will be
undertaken using a multi-faceted approach:

• Experimental investigations into the production of secondary droplets and
mist following a moving-film impact, including the conditions under which
secondary droplets are produced, alongside the size, velocity, quantity,
and separation mechanics of these droplets. This new data for moving
films is compared to static film literature to understand the effects of this
differing target parameters. This work is presented within chapter 4.

• Cavity dynamics, including cavity development and droplet spreading within
the cavity. Crown dynamics, including crown asymmetry, maximum di-
ameter, and development are also investigated. These parameters are
compared to existing static film correlations and physical understanding
from static film and solid substrate experiments. This work is presented
in Chapter 5.

1.3 Structure of Thesis

• Chapter 2 provides a full review of prior literature that underpins the work
presented within this thesis. There have been numerous studies into both

1.2. Aims and Objectives 4
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normal and oblique impacts onto static films and solid substrates, classi-
fying impingement outcomes based on several nondimensional groups. A
summary of this work is presented within the first part of this chapter. The
second part of chapter 2 includes a review of experimental techniques,
data acquisition methods, and data analysis methodologies relevant to
the current investigation.

• Chapter 3 presents an overview of the experimental testing rig used to
gather data for this work. A description of the rig and details regarding
droplet generation are given in section 3.1. Information relating to char-
acterisation of the inclined channel is supplied in Section 3.2. Section
3.3 focuses on the methods of data acquisition, outlining details of the
cameras, illumination, laser systems and the brightness-based laser in-
duces fluorescence (BB-LIF) technique. Analysis of the data is covered
in section 3.4 (for conventional lighting) and 3.5 (for BB-LIF)

• Chapter 4 is the first results chapter. This focuses on secondary droplet
production. The transition between different impingement outcomes are
compared to static film understanding, and a robust statistical method
novel to the field is applied for determining these transitions. Crown
splashing is examined in detail, and high-quality images are presented,
of the different types of splashing. New correlations are developed to
describe the number of secondary droplets, to characterise behaviours
unique to moving-film impingements. Finally, the size and velocity of
secondary droplets is investigated and correlations for each are derived.
Some of this work has been submitted for journal publication, and pre-
liminary studies on the splashing threshold have been presented at the
2015 American Society of Mechanical Engineers International Mechani-
cal Engineering Congress & Exposition [50].

• Chapter 5 forms the second results chapter, and focuses on the mor-
phology and development of the crown and cavity. Both the shape and
development with time are explored and comparison is made to models
derived for impingements on static films. Modifications to these models
are proposed. Using the laser induced florescence, it was possible to
determine to movement of the droplet fluid within the cavity. Preliminary
work for this chapter was presented at the 2017 American Society of Me-
chanical Engineers Turbomachinery Technical Conference & Exposition
[51]

• The implications and applications to bearing chamber modelling of this
work are discussed in chapter 6. Furthermore, the contributions to knowl-

1.3. Structure of Thesis 5
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edge are given, and potential future works are also explored.

1.3. Structure of Thesis 6
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Chapter 2

Literature Review

As discussed in the introduction, there is a need for more research into droplet
impingements, specifically relating to moving films, droplet generation and heat
transfer, to assist in bearing-chamber design. Whilst contemporary computa-
tional methods can simulate an entire bearing chamber, the computational ex-
pense of these simulations makes widespread implementation of these tech-
niques prohibitive.

One common method to reduce computational expense is to include em-
pirically derived correlations, which allows simplification of each individual im-
pingement. This chapter aims to summarise the current understanding regard-
ing experimental investigations and correlations, and to identify fields in which
an experimental programme will provide assistance into computational simula-
tions.

The topics covered within this chapter are:

• An overview of impingement outcomes and key dimensionless groups.
(Section 2.1)

• A summary of droplet impingements of solid surfaces, static films, and
moving films. (Section 2.2)

• A compilation of empirically derived models and correlations from static
films for comparison to moving film experiments. (Section 2.4)

• Methods of data acquisition, including high speed cinematography, and
Laser Induced Fluorescence (LIF). (Section 2.6)

• The challenges of image analysis, and methods to overcome these. (Sec-
tion 2.8)

7
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2.1 Overview of Droplet Impingement

Most research into the impingement of droplets has been conducted for im-
pacts upon a solid substrate or stationary films, and these situations differ from
a moving film. However, this research gives an insight into impingement dy-
namics and provides a useful comparison to understand the differences be-
tween static and moving films. This review of literature will first examine the
types of outcomes observed during droplet impingements on solids and static
liquid films, alongside the key dimensionless parameters. Secondly literature
relating to the effect of solid surfaces, static films, oblique impingements and
moving films will be considered. Finally, attempts at modelling key characteris-
tics of the droplet impingements on static films will be summarised for compar-
ison with the moving film experiments in later chapters.

2.1.1 Impingement Outcomes

Perhaps the most immediately apparent result of a droplet impingement is the
impingement outcome. This is where the droplet may hit a surface or film
and leave barely a ripple, or produce vast plumes of droplets and towering
crown-like structures. The impingement outcomes for solid surfaces are first
discussed, as the fluid behaviours can be considered more basic, before mov-
ing onto static film impingements.

Solid Substrates

To discuss droplet impingements and their outcomes, it is first necessary to
understand the commonly used terminology to differentiate between different
types of impingement outcomes. As previous authors have shown that the
behaviour of droplet material for static film impingements has significant simi-
larities with models from solid substrates [44]. Therefore, it was deemed pru-
dent to review aspects of solid-substrate literature relating to movement of the
droplet material. This included the production of droplets and ligaments, and
spreading of droplet fluid on the surface.

Rioboo et al. [3] investigated droplet impacts onto solid surfaces, and pro-
vides comprehensive descriptions of six different types of impingement event
observed upon solid surfaces. These are: Deposition, Prompt Splash, Corona
Splash, Receding Breakup, Partial Rebound, and Rebound. Alongside a de-
scription below, Fig. (2.1) shows images of these outcome regimes, from Rio-
boo et al. [3]

2.1. Overview of Droplet Impingement 8
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• Deposition was described as when the drop deforms, staying attached to
the surface, with no material being ejected in the form of droplets.

• Prompt Splash was described as when secondary droplets are formed
at the point of contact in the initial stages of droplet spreading.

• Corona Splash (called Crown Splash by others) is when droplets are
formed from the rim of fluid that forms around the impingement site

• Receding breakup is related to wettability of the substrate, as the droplet
material retracts after an impingement, small droplets of fluid are left on
the surface away from the main body of the droplet

• Partial Rebound and Rebound is when either all, or some of the droplet
material contracts energetically after spreading, causing all or some of
the fluid to be ejected upwards, forming a secondary droplet from a cen-
tral jet

Figure 2.1: Types of Solid-Substrate Impingement outcomes from Rioboo et
al. [3]

2.1. Overview of Droplet Impingement 9
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Static Films

Whilst there are a great number of parameters and behaviours which can be
investigated for droplet impingements upon static films, the most readily appar-
ent of these is the impingement outcome. In many respects impingement out-
comes on static films have similarities to solid substrates. One of the first works
to classify these outcomes was performed by Worthington [4]. Since then, var-
ious authors [4, 10, 8, 52, 53] have built upon this early work, and there are
several commonly agreed upon impingement outcome regimes, these are;

• Floating - the droplet floats on a cushion of air above the surface of the
film, typically this requires a very low droplet Weber number (Wed)

• Coalescence - The droplet joins with the film, causing little disturbance
to the surface, with no material being ejected.

• Crown Formation - The droplet-impact results in formation of a corona
or crown. This is a curtain of fluid that may have ligaments forming off
it. This crown propagates outwards from the impingement site before
collapsing and rejoining the film. The crown formation is typically accom-
panied by the formation of a crater or cavity within the film around the
impingement site.

• Crown Splashing - Similar to crown formation, however secondary droplets
are formed from the crown.

• Jet Formation - The droplet-impact produces a crater at the impinge-
ment site, upon the collapse of this crater, a jet of fluid emerges from the
centre of the crater, propagating approximately vertically upwards in the
case of impact with a static film

• Jet Breakup Similar to jet formation, however a secondary droplet or
droplets are formed from the jet breaking up due to Rayleigh instability.

Examples of these behaviours are show in Fig. (2.2).
The first of these to be classified was the Jet Formation by Worthington [4]

in 1908. An example of this is shown in Fig. (2.2c). In instances where the jet
produced a secondary droplet, such as in Fig. (2.2d). It should be noted that
in the original work Worthington referred to this a breaking off however, the
contemporary terminology is Jet Breakup.

Cossali et al. [8], differentiated between Crown Formation and Crown Splash-
ing; in the latter case there is production of secondary droplets. If droplets were
formed from the crown the impingement was categorised as a splashing event.
Throughout the course of this work, the following definitions will be used, Crown

2.1. Overview of Droplet Impingement 10
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(a) Crown Formation (b) Crown Splashing

(c) Jet Formation (d) Jet Breakup

Figure 2.2: Impingement outcomes observed by Worthington [4]

Formation will indicate where a crown is formed, but no secondary droplets,
and Crown Splashing will denote an event where the crown forms secondary
droplets from its rim.

A particular type of crown splashing shown in Fig. (2.3) is described by
Worthington [4] as bubble building, where the crown begins to close in upon
itself, forming a hemispherical bubble above the cavity. This behaviour has
also been observed by more recent authors (for example [54]) and has been
described as bubbling.

2.1. Overview of Droplet Impingement 11
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Figure 2.3: Bubbling observed by Worthington [4]

Cossali et al. [8], remarked that prompt splashing occurred at low values
of Oh. Furthermore, it is found that prompt splashing needs less energy, and
therefore a lower Wed to occur compared to crown splashing. A visually sim-
ilar phenomenon is observed for solid sphere-film impingements, this was de-
scribed as basket splashing, and is evident in Fig. (2.4b).

2.1. Overview of Droplet Impingement 12
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(a) Prompt Splashing observed by Cossali et al. [8]

(b) A photograph from Worthington [4], showing Basket Splashing caused by a solid
sphere

Figure 2.4: Prompt and Basket Splashing

2.1.2 Dimensionless Parameters

Dimensionless parameters are commonly used throughout literature to define
various aspects of the impinging droplet and their outcomes.

Film Thickness

For static film impingements, many authors [20, 44, 42] have used the dimen-
sionless film thickness. There is strong consensus in this field, and the com-
monly agreed form is to relate the film height to the impinging droplet diameter,
as shown in Eqn. (2.1).

δ =
hf
d

(2.1)

Time-scale

Another commonly used parameter is the dimensionless time-scale τr. This
is used to represent the time over which the impact takes place. One of the

2.1. Overview of Droplet Impingement 13
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earlier definitions of this is from of Stow and Hadfield [5], who proposed a form
based on time, droplet velocity, and droplet radius as shown in Eqn. (2.2)

τr =
tV

r
(2.2)

More recent authors [41, 6, 24, 25, 44] have preferred to relate τ to the
droplet diameter, as shown in Eqn. (2.3), this form will be used in this thesis.

τ =
tV

d
(2.3)

Impinging Droplet Characteristics

In the reviewed literature, several nondimensional groups are used to define
the droplet characteristics, and help determine if an impact event will result
in secondary droplet production. The most commonly used were the Weber
Number (We), Reynolds Number (Re), and Ohnesorge Number (Oh). It is
possible within moving film scenarios to calculate these parameters for both the
impinging droplet, and the target film. Therefore, it was decided that for clarity
to use the subscript f to represent when these parameters are calculated for
the film. Conversely, lack of a subscript, or a d subscript indicates that these
parameters are calculated for the droplet.

Frohn and Roth [55] also remark on the importance of the Froude Number
(Fr) and the Laplace Number (La). The reviewed literature placed significant
importance upon the Weber number in the determination of droplet outcomes
[56, 8, 15]

However, within the literature it is more common to associate impact out-
comes with two or more of the above parameters, in a form commonly referred
to as the splashing parameter (K). Several of these relationships are detailed
below. For clarity each expression is referred to by placing the name of the
primary author in subscript.

Stow and Hadfield [5] proposed a nondimensional parameter as shown in
Eqn. (2.4) for impingements on solid substrates. This is interesting as it is
identical to the parameter used later to characterise static film impingements
by Cossali et al. [8].

Kstow = We ·Oh−2/5 (2.4)

Mundo et al. [15], also developed a splashing parameter to nondimension-
alise the boundaries between impingement outcomes on solid surfaces. This
is defined in Eqn. (2.5). It was found that above KMundo = 57.7, splashing out-
comes are observed, where secondary droplets are ejected from the rim of fluid

2.1. Overview of Droplet Impingement 14
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forming around the droplet, whereas below this value, deposition is observed.

KMundo = Oh ·Re1.25 (2.5)

Cossali et al. [8] defined KCossali as Eqn. (2.6) for droplet film interactions.
This parameter has been used subsequently by many authors, such as Alghoul
[57], Rioboo et al. [9] Okawa et al. [10] and Marengo and Tropea [58]. However,
more recently other impact parameters have been proposed.

KCossali = We ·Oh(−0.4) (2.6)

Another version of the K parameter was proposed by Hunag and Zhang
[46] as in Eqn. (2.7) which for their thick-film experiments was found to better
describe the transitions from bouncing to coalescence, coalescence to jetting,
and coalescence to splashing for droplets of water and oil. And Eqn. (2.8) for
thinner films (δ < 1.3). Differentiation between thin and thick films is discussed
in section 3.2.

Khunag(thick) = We0.375 ·Re0.25 (2.7)

Khunag(thin) = (We ·Re)0.25 (2.8)

One of the more recent proposals for splashing parameter is that of Gao
et al. [45], for impingements upon moving films with thicknesses of 0.2 mm.
This included characteristics of both the droplet and film in its calculation. The
transition between coalescence and splashing was found at KGao = 3378.

KGao = We ·Re1/2
(
1 + δV 2

f

)
(1 + δVf )

1/2 (2.9)

Of these splashing parameters, it was observed that for droplet to film im-
pingements, the use of KCossali is by far the most prevalent, with many bound-
aries defined (see Section 2.2.2). It is anticipated that this form will be used
primarily due to the wealth of static film literature.

2.1. Overview of Droplet Impingement 15
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2.2 Impingements on solid substrates and static
films

Section 2.1.1 detailed the generic outcomes for impingement events, and the
parameters typically used to predict expected outcomes. This section provides
a full literature review for impingements on solid substrates and moving films,
and outlines in more detail into droplet impingements on solid substrates, static
films. However, for the interest of clarity, moving substrates are discussed in
section 2.3.3, and empirically derived models are considered separately in sec-
tion 2.4.

2.2.1 Solid Substrates

Although the focus of this work is on droplet impacts on moving films, there
are certain parallels that can be drawn from impingements on solid substrates.
Whilst the basic outcomes have been previously discussed, to provide back-
ground knowledge for the reader, this section consists of more detailed analy-
sis of existing models and physical understanding for solid substrate impinge-
ments. This was undertaken as previous studies [44], have shown that the be-
haviour of droplets impinging on solid surfaces has parallels with the spreading
of droplet material for static film impingements.

Droplet Spreading

The thickness and spread of the droplet has significant implications for heat
transfer between the droplet and target surface, this section investigates meth-
ods used to characterise the deformation and spreading of the droplet after
impingement.

Stow and Hadfield [5] produced an early work on the spreading of with
droplets with diameters in the range of 2.2 < D < 4.4mm upon aluminium
and steel plates. The spreading of the droplet was found to be suitably nondi-
mensionalised by use of the dimensionless radius (R∗cs = rc/Rdroplet) and the
dimensionless time-scale (τr = tV/Rdroplet). This form of nondimensionalisa-
tion was shown to work across a variety of droplet radii and velocities as shown
in Fig. (2.5).

2.2. Impingements on solid substrates and static films 16
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Figure 2.5: Nondimensionalisation of droplet spreading for droplet impinge-
ments upon a solid surface from Stow and Hadfield [5]

Scheller and Bousfield [59] investigated droplets of various fluids, with vis-
cosities up to 300 mPa.s, and proposed the empirical relationship shown in
Eqn. (2.10). This related the maximum spread of the droplet, to the character-
istics of the impinging droplet for various fluids.

2RMax

D
= 0.61(Re2 ·Oh)0.166 =

(
We

Oh

)0.166

(2.10)

where:

• 2rMax

D is the spread factor

• Re is the droplet Reynolds number

• Oh is the droplet Ohnesorge Number

• We is the droplet Reynolds Number

• D is the droplet diameter

• RMax is the maximum radius of the spread droplet on the wall

Another key aspect of droplet spreading is the thickness of the droplet, and
the height that the droplet materiel tends to after impingement (the plateaux
height)

Roisman et al. [53] investigated the thickness of the plateau height lamella
for droplets of water impinging with very high Reynolds numbers. It was found
that the plateaux height could be approximated by Eqn. (2.11).

2.2. Impingements on solid substrates and static films 17
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hp = D ·Re−0.5 (2.11)

Roisman et al. [6], derived the relationship in Eqn. (2.12) for the thickness
of the droplet fluid at various points along its radius for impingements on solid
substrates. This was found to compare well to the numerically derived predic-
tions from Fukai et al. [7] across a range of impingement conditions, and has
potential applications to moving-film experiments.

hL =
η

(τ + τi)2
exp

[
− 6ηr2

(τ + τi)2

]
(2.12)

where:

• hL is the height of the lamella

• η is a constant estimated as η = 0.39 by Roisman et al. [6]

• t is the time

• τi is the inverse of the initial gradient of the radial velocity estimated as
τi = 0.25 by Roisman et al. [6]

• r is the radial location

Figure 2.6: A comparison of the approximation from Roisman et al. [6] and the
numerical solution from Fukai et al. [7]

This model has also been used by Hann et al. [44] to examine the droplet
spreading for impingements upon static films, and there has been compared
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moving film data to in the course of this study. This work is presented in section
5.2.3.
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2.2.2 Impingements upon Static films

The majority of research into upon droplet-film impingements has been under-
taken upon static films of varying thicknesses. This provides a useful refer-
ence point to compare moving film observations to understand the differences
between two impingement scenarios. This includes the transitions between
impingement outcomes and the effect of varying the target fluid properties.
However, as little of this work has been verified for moving films, it is important
to discover the extent to which static film findings can be applied to moving-film
impacts.

Transitions within the KCossali Domain

Cossali et al. [8] Investigated the impact of droplets onto wetted surfaces, with
the intent to find the boundary between crown formation and crown splash-
ing behaviours. Transition regimes for water showed a dependence on the
dimensionless film thickness (δ = hf/D), and the transitions was reported at
KCossali = 2100 + 5880(δ)1.44 for δ < 0.2 for the transition between crown for-
mation and crown splashing. This investigation used primary droplet diameters
between 2 mm and 5.5 mm. This relationship is illustrated in Fig. (2.7).

Figure 2.7: Graph showing the splashing parameter (KCossali) against the non
dimensional film thickness from Cossali et al. [8]

Coghe et al. [60] also compared outcomes toKCossali and found a transition
between crown formation and crown splashing at KCossali = 2074 + 870(δ)0.23

for 0.1 > δ > 1. This boundary gave similar values to that of Cossali et al. [8]
and the differences can be attributed to the experiments being performed at

2.2. Impingements on solid substrates and static films 20



2

Antony Mitchell University of Nottingham

higher values of δ.
Rioboo et al. [9] found limits between crown formation and crown splashing,

at KCossali = 2100 for 0.06 < δ < 0.15, and between coalescence and crown
formation at KCossali = 400 for 0.06 < δ < 0.15. These experiments used
droplets of glycerol-water and hexadecane with diameters of 1.42 − 3.81 mm.
This work also examined the conditions under which crown formation was ob-
served without the creation of secondary droplets, as shown in Fig. (2.8). There
was an increase in the coalescence / crown formation limit (marked as D-C in
the figure), and a decrease in the crown formation / crown splash limit (marked
as C-S in the figure) below δ = 0.06, this resulted in a reduction of the KC value
range under which crown formation was observed, without also being accom-
panied by splashing. The authors therefore suggest that crown formation and
splashing behaviours exhibit a dependence on dimensionless film thickness.

Figure 2.8: A figure from Rioboo [9], showing boundaries between coales-
cence and crown formation (labelled as the D-C Limit), and crown forma-
tion/crown splash (labelled as the C-S limit).

Wal et al. [61] investigated the boundary between splashing and non-
splashing behaviour. From the experiments performed, a chart was produced
detailing the effect of Re and Oh upon the type of splashing behaviour.

Okawa et al. [10], further investigated transition regimes, finding that the
boundary between crown formation/crown splashing followed the boundary
from Cossali for water-glycerine mixtures, however it remains constant for pure
water. It is remarked that although the crown formation/crown splash limit is
dependent on δ, it is not significantly influenced when liquids with low viscosity
such as water are used. This is shown in Fig. (2.9).
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Figure 2.9: A figure from Okawa [10], showing boundaries between Crown
formation/Crown Splash for pure water, and water-glycerin mixtures

Okawa also investigated a behaviour named Sudden Ejection. This was
characterised by the creation of tiny secondary droplets with a trajectory typi-
cally normal to the film, but oblique trajectories were also observed. Fig. (2.10)
shows that these droplets seem to form at conditions around the KCossali =

2100. Examining the images of this phenomenon, it appears evident that this
‘sudden ejection’ behaviour may in fact be a singular prompt droplet formed
after the impingement, as the only occurrences are observed around the mini-
mum threshold for splashing.

Figure 2.10: A figure from Okawa [10], showing occurrences of Sudden Ejec-
tion (SE) and no ejection (NE)

A summary of these transition lines for crown formation and splashing are
presented in Table. (2.1).
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It is evident that there are a wide variety of overlapping transitions points,
and this study has scope to determine which of these are most applicable for
moving film impingements.

Effect of Film Thickness

Examining the data in Table. (2.1), it is noticeable that some transition bound-
aries exhibit a dependence on the dimensionless film thickness (δ), and several
studies have examined this field in more detail.

Macklin et al. [63] investigated the splashing of drops on shallow liquids,
examining the effect of film thickness on the structure of droplet impacts. It
is concluded that for thinner films there are interactions between the film and
container base that reduce the jet height. However, on thicker films the jet
height increases exponentially with film thickness towards a constant value.
This implies that after a certain depth, an increase in thickness has no effect
on the splash characteristics.

Macklin followed this research with a study [54] in which paper ethanol and
glycerol were used to alter the Weber Number (We), Ohnesorge Number (Oh)
and Reynolds Number (Re) of the droplets. It is discovered that the droplet fluid
properties effect the ratio of cavity radius size to crown height. Furthermore,
in the conclusion, Macklin defines deep splashing as where the bottom of the
target liquid container does not affect the impingement behaviours, and shallow
impingements as where the cavity is approximately cylindrical. In between
these two regimes, the hemispherical nature of the cavity was found to be
‘flattened off’, due to wall effects.

Manzello and Yang [56] investigated the impingement of water droplets onto
a pool of water, and a pool of methoxy-nonaflourobutane with pool depths be-
tween 2 mm and 25 mm. The experiments encompassed a range of pool
depths, and found the critical Weber number for jet breakup is independent of

Table 2.1: Transition values of K = We Oh−0.4

Behaviour boundary K Value Film Thickness Source
No crown/crown 400 0.06 < δ < 0.015 [9]
No crown/crown 700 0.5 < δ < 2 [10]
Crown/crown splash 2100 0.06 < δ < 0.015 [9]
Crown/crown splash 2100 0.5 < δ < 2 [10]
Crown/crown splash 2100 + 5880δ1.44 0.1 < δ < 0.2 [8]
Crown/crown splash 2074 + 870δ0.23 0.1 < δ < 1 [62]

2.2. Impingements on solid substrates and static films 23



2

Antony Mitchell University of Nottingham

pool depth within the experimental regime investigated.
Wal et al. [64] examined the effect of film thickness on the splashing char-

acteristics of droplets. Within the range of 0.1 ≤ δ ≤ 1 it was observed that
there were two main types of splashing. Prompt, when the droplet initially hits
the film, and delayed, when the crown begins to recede from its maximum size.
Whereas in the range of 1 ≤ δ ≤ 10 the liquid film restricts splashing and
splashing behaviours are only observed for the highest energy impingements.
Furthermore, when δ ≈ 10, Jet formation and breakup is observed, whereas
this is inhibited on thinner films.

It was noted by Rioboo et al. [9], and Wang & Chen [65], that jet formation
is not observed for δ < 1. This region was defined by Cossali et al. [8] as a
thin film, where the bottom of the channel effects the impingement. Conversely,
those impingements happening where δ � 1 are defined as deep pool. Cossali
et al. [8] have placed the transition between thin and thick films to be at δ = 2.

Effect of Fluid Properties

As seen in the previous reviewed literature, the impingement outcomes of a
droplet impact are defined by the Weber, Reynolds and Ohnesorge Numbers
of the impinging droplet. However, many of the studies using these paramaters
have only considered the size and veocity of the impinging droplet, with fewer
fully considering the effect of fluid parameters such as viscosity, surface ten-
sion, and density. As these properties change with temperature, and within an
aero-engine bearing the oil changes temperature the effect of these properties
on impingement outcomes were investigated. This section reviews the litera-
ture investigating cases where the properties of the liquids in the droplet and
in the film vary, either through temperature differences, surfactants, or different
liquids. However, for the purposes of this work, impingements between immis-
cible fluids are not considered particularly relevant and are not reviewed, as
this is not a situation present in aeroengine oil systems.

Manzello and Yang [66], investigated the impingement of water droplets
onto peanut oil. The oil was at a significantly higher temperature (220◦C) than
the boiling point of the impinging water. Therefore, as the droplet hits the pool
of cooking oil it forms a crater similar to that found in previous studies with
homogeneous fluids, before the crater closes in upon itself. The droplet then
begins to sink under the surface of the oil, before heating up and ultimately
producing a vapour explosion due to the evaporation of the entrained water
droplet.

In the same year the authors published works involving miscible heteroge-
neous compounds [67]. This paper investigated the effect of pool temperature
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on the critical Weber number for splashing. Droplets at ambient air temperature
were observed impinging on a pool at 20 ◦C, 60 ◦C and 94 ◦C. It was found that
the critical Weber number decreased with an increase in temperature. It was
also found that an increased temperature caused a decrease in crater depth.
This was attributed to the heating element being located at the bottom, creating
convective flow within the pool that inhibited crater development.

Manzello [68] compared impingement of water on molten and solid wax with
impingement on water. It was found that the critical Weber number (Wec) was
dependent on temperature, or the properties of the fluid affected by tempera-
ture. This result agrees with previous works by Manzello et al. [67], who were
unable to determine a critical Weber number for more viscous fluid, indicating
a viscosity dependence on breakup.

Figure 2.11: Comparison of Critical Weber Wec Number against Temperature
from Wang et al. [11]

In 2009, Wang et al. [11], reported on droplets impinging onto hot liquid
surfaces. In this paper, water droplets were observed impinging onto alco-
hol, kerosene and molten ghee (refined butter). Fig. (2.11) shows the relation-
ship between the temperature and nondimensional secondary droplet size for
kerosene at various temperatures. This paper only looks a secondary droplets
formed by jet breakup, and does not examine the effect of temperature upon
the properties of secondary droplets formed by crown splashing in a heteroge-
neous impingement scenario. It is remarked that these values are lower than
in a H2O-alcohol impact, and explained that since the fluids are miscible in a
H2O-alcohol impingement, the secondary droplet is likely contain alcohol from
the pool. It is noted that the maximum size of the secondary droplet is at 50 ◦C,
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it is postulated that this is due to the reduction of the dynamic viscosity and
surface tension of alcohol above this temperature creating a tendency to form
a larger number of small droplets.

Castillo et al. [12] examined the effect of fluid properties on the splashing
boundary, obtaining the data shown in Fig. (2.12). From computational simula-
tions (for Oh < 0.06) and for experimental investigations with water, alcohol and
silicon oil of varying viscosities. This shows a large jump in the required Wed to
produce a splash, when Ohd increases above 0.05. Within this region, the Ohd
was primarily manipulated using silicon oil of varying viscosities. Therefore,
this behaviour is attributed to the increased viscosity of the fluid dissipating
more energy from the impinging droplet and inhibiting the jet breakup.

Figure 2.12: Examination of critical Weber Number for vaious fluids from
Castillo et al. [12]

2.3 Moving Substrates and Oblique Impingements

Whilst little work has examined the impingement of droplets upon moving films,
there have been a reasonable number of investigations where the velocity vec-
tor between the droplet and target has not been aligned perpendicular to the
target surface. This includes oblique impingements onto solid surfaces and
films, alongside normal impingements onto moving or rotating surfaces. This
section summarises the work undertaken in these experimental cases, before
finally examining work performed for droplet impingements upon moving films.

For the purposes of this study, oblique impingement shall refer to droplet
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impinging non-normally upon a surface, whereas droplets impinging normally
onto a moving surface will be referred to as moving substrate impingement

2.3.1 Oblique Impingement

One of the earliest investigations into oblique impingement was by Jayaratne
and Mason [13]. This investigated the transition between coalescing and bounc-
ing droplets for various impingement angles. Through experimental means it
was possible to determine a transition line between the two behaviours, as a
function of the velocity and the angle of the drop. Furthermore, it was found
that the drop size affected this transition region, consistent with later investi-
gations by other authors. Fig. (2.13) The critical velocity of splashing relevant
to the impingement angle. This shows a series three self-similar curves for,
one for each diameter of impinging droplet. These curves all show a peak at
around 45 ◦, indicating the region where it is bouncing behaviours are most
easily observed.

Leneweit et al. [14] investigated the effect of angled impingements on the
coalescence/bounce boundary for impingements onto static films. Bouncing
behaviour was only observed for the impingement angle measured from verti-
cal (α) in the region of α < 14◦, and not for more highly inclined impingements
as shown in Fig. (2.14). This agrees with the work of Jayratne et al. [13],
and gives a useful minimum inclination under which bouncing behaviour is not
anticipated.

Okawa et al. [19] investigate the effect of oblique impingement angles on
impact outcomes. This work divided the droplet velocity into two components,
the total velocity of the droplet (Vd) and the component normal to the films
surface (Vn). It was found that between angles of α = 11◦ and α = 75◦ the
droplet velocity (Vd) has significantly more effect upon the impact outcome than
the normal velocity (Vn). It is also remarked that the angle caused the impact
outcome to become asymmetrical. Furthermore, for impingement angles up to
50◦ from the normal there is a much larger volume of fluid in secondary droplets
compared to the range of 50◦ to 70◦, and that for angles greater than 70◦ no
secondary droplets were produced.

Fang et al. [69] investigated the spreading of droplets impinging on an
oblique solid surface, this work found that throughout the early stages of droplet
spread, the length and width of the droplet spread remained comparable. How-
ever, as time increased, and the expansion was dominated by the droplets in-
ertia, rather than pressure, the droplet material expanded more quickly in the
direction parallel to the inclination (length), than in the perpendicular direction
(width). Furthermore, the ratio of length to width increased with an increase in
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Figure 2.13: Graph from [13] Illustrating Transition region between coalescing
and bouncing

plane angle.

2.3.2 Moving Substrates

Experimentation with moving substrate impingements began later than oblique
impingement studies, with one of the first reported studies being in 1995, when
Mundo et al. [15] investigated droplet impingements the edge of a rotating
wheel with a diameter of 150mm. A sample image from this work is shown in
Fig. (2.15).
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Figure 2.14: Effect of angle upon impingement outcome from Leneweit et al.
[14]

Figure 2.15: Impingement of droplet upon spinning wheel, from Mundo et al.
[15]

This shows that the corona is enhanced on the upstream side by move-
ment of the surface. This work also suggested using the normal and tangential
velocities, to calculate the effective angle of the impingement. Furthermore,
the differences in sizes of the droplets produced from the corona upstream
and downstream of the impingement site were investigated, and there were
only minor differences in droplet sizes between the upstream and downstream
sides of the impingement. With the downstream side having a slightly smaller
secondary droplet diameter when compared to the upstream side of the same
impingement.

Bird et al. [16] examined the boundary betweens splashing and deposition
for each side of a droplet impinging upon a rotating aluminium disk. This work
found that with sufficient tangential velocity, it was possible to totally inhibit
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splashing on the downstream side of the droplet. It was found that the boundary
between symmetric and asymmetric splashing is related to the ratios of the
Normal and tangential velocities as shown in Fig. (2.16). The work showed
the splashing limit decreases with higher tangential velocity, as the crown is
enhanced one one side due to the tangential velocity of the disk. Symmetrical
splashing required a higher ratio of normal velocity to tangential velocity.

Figure 2.16: Boundaries between spreading and splashing from Bird et al.
[16]. Note the asymmetric splashing region

Hao et al. [70] Investigated the impingement of a droplet on to a moving
steel belt. This work was carried out in a vacuum chamber, to allow the investi-
gation into effects of ambient pressure on the droplet impingement outcomes.
This work found that the transition between coalescence and splashing was
dependent on droplet speed, substrate speed, and the fluid properties. It was
observed that as with previous studies the corona formed on the upstream side
of the droplet was enhanced.

2.3.3 Moving Films

In 1999, Samenfink et al. [71] investigated droplet impacts onto films driven by
a shearing airflow. It was found that the shearing airflow also had the effect of
producing an oblique droplet impact. The authors produced probability density
charts for secondary droplets at varying impingement angles, and remarked
that the speed and size of secondary droplets are typically related to the speed
and size of the initial droplet and the impingement angle. It is noted by Samen-
fink et al., that the experiments and correlations in this paper may be useful
to develop a 2D CFD model, and it is implied that some initial development of
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such a model has been undertaken.
Alghoul [57, 17] outlines in detail investigations into normal droplet impinge-

ment upon sub-critical moving films. It was found that the droplet impingement
tended to create non-symmetrical shapes similar to those observed for oblique
impingements. The crown was found to be more prominent on the upstream
side, whereas jets formed inclined in the same direction as the film motion,
shown in Fig. (2.17). Furthermore, it was noted that fewer secondary droplets
were produced than expected for a comparable impingement on a static film,
with the film movement being found to increase the boundary between coales-
cence and crown splashing. The transition between crown formation and crown
splashing was found to show agreement with the KCossali = 2100 boundary
from Okawa et al. [10].

Figure 2.17: Images of droplet impingement upon horizontally moving film from
Alghoul et al. [17]

Alghoul [57] includes side by side comparisons of impacts on a static and
a moving film and analysis into the differences. It is noted that jet height in the
case of impingement onto a static film is typically consistent with the work of
Macklin and Hobbs [63]. However, in the case of a moving film, although the
jet height increases with Weber number, the increase is at a significantly lower
rate than for static films.

Alghoul et al. [72] also investigated oblique droplet impacts onto shear
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driven films. In this paper it is noted that the droplets are deformed by the
shearing airflow before impact. It is remarked that for lower levels of shear, the
droplet remains roughly spherical, the transition between splashing and de-
positing regimes are consistent with those in published literature [10, 8]. How-
ever, for higher shearing airflow velocities, the deformation of the droplet leads
to enhanced levels of splashing. With very high levels of shearing airflow, the
droplet often deforms and typically breaks up before it can impinge upon the
surface.

Gao et al. [45] investigated droplet impingements on moving films, and pro-
duced a splashing parameter form moving-film impingements (previously dis-
cussed in section 2.1.2) and postulated a model for crown diameter, discussed
in section 2.4.4.

Casterjon et al. [18] investigated droplet impingements upon moving films
inside a rotating drum, this work attempted to establish regimes for the impinge-
ment outcomes. These included a specific floating regime, dubbed surfing, a
typical coalescence regime, and a form of partial bouncing called lamella jet-
ting where there is mixing visible between the bouncing droplet and the film.
This is an unusual behaviour only observed in this moving-film scenario, which
may present itself for linear moving film experiments.

These regimes are shown in Fig. (2.18). It can be see that the boundary
between splashing and coalescence seems only dependent on the properties
of the impinging droplet, however as en coalescence and lamella jetting are
observed at the same values of WeRe1/2, the transition between these be-
haviours must be related to (Vt/Vn)(1/sqrtRed).

Figure 2.18: Regime map observed by Castrejon et al. [18]
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To summarise, the transitions from static film experiments have not been
fully validated for impingements on moving films. Some experiments have been
performed for moving films which appear to suggest comparability with existing
static film boundaries, yet the experimental ranges of these tests are often lim-
ited, and are therefore it cannot be conclusively determined that of static film
understanding may be applied. Furthermore, behaviours have also been ob-
served which are unique to moving film scenarios including lamella jetting [18]
and the asymmetry within the crown and cavity after impingement [17]. This
indicates significant scope for more work to determine if static film correlations
are universally applicable. Therefore, the current experimental data is com-
pared to KCossali, KGao, and KHuang, including a robust statistical approach to
determine the transition values in section 4.1.

2.4 Droplet Impingement Modelling

Alongside more general investigations into the splashing behaviours and regimes,
many authors have attempted to relate post-impingement characteristics to the
properties of the impinging droplet and substrate. The vast majority of this
works is for impingements on static films, and this section details the key mod-
els which may prove applicable to moving film impingements for comparison
and validation.

2.4.1 Secondary Droplets

This section examines the quantity and characteristics of the secondary droplets
produced from crown splashing.

Number of Secondary Droplets

One important aspect relating to droplet-impact outcome is the number and
size of secondary droplets produced by the splashing. Cossali et al. [73] deter-
mined the number of airborne drops with respect to time for a variety of impact
parameters, however this work did not attempt to model the number of droplets
produced. Zhang et al. [74] noted a dependence on δ on the number of sec-
ondary droplets produced, this was found to be related to the thickness and
angle of the crown.

Okawa et al. [10] investigated the production of secondary droplets for a
single water droplet impacting normally on a static water film and found that
the number of secondary droplets (Nsd) could be predicted as a function of
impact parameter (K) and nondimensional film thickness (δ) as follows:
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Nsd = max
[
4.97× 10−6, 7.84× 10−6 · δ−0.3

]
·K1.8 (2.13)

This correlation, shown against experimental data, in Fig. (2.19), was valid
primarily for δ < 2. When δ > 2, Nsd the data exhibited a much higher level of
scatter around the above expression.

Figure 2.19: Correlation for number of secondary droplets from Okawa et al.
[10]

Okawa et al. [19] investigated the impingement of droplets onto a static
film with impingement angles, α, between 10◦ and 75◦. This case is some-
what similar to near-normal impact on a moving film in that there is relative
horizontal motion between the droplet and film and therefore similarities might
be expected between the behaviours. Having plotted both, Okawa et al. con-
cluded that for these non-normal impacts, using the total droplet velocity (Vd)
(rather than the normal velocity (Vn)) in the calculation of KCossali caused the
transitions to correlate with those established for normal droplet impingement.
Furthermore, it was found that the crown formation was asymmetrical in an
oblique impact, with the crown tending to be larger in the same direction as the
droplet was travelling.

It was also found that for values of α between 10◦ and 50◦, the number of
secondary droplets agreed with Eqn. (2.13) surprisingly well, despite the mass
of secondary droplet material being lower than expected. This is illustrated in
Fig. (2.20).

Peduto et al. [75] performed a study investigating aero-engine bearing
chambers using a series of direct numerical simulations. This work states,
based on CFD modelling of impingements in simulated bearing chambers, that
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Figure 2.20: Effect of angle against number of secondary droplets (normalised
by predicted values, N0 for a normal impingement) from Okawa et al. [19]

at α > 60◦ no splashing is expected. This is slightly lower than the threshold
from Okawa et al. [19], whom observed no splashing when α < 70◦, however
this slight discrepancy can easily be attributed to the differences between a
modelled bearing chamber, and a much more simplistic experimental case. Us-
ing a combined experimental and numerical modelling approach Peduto iden-
tified a relationship between the number of splashed droplets and the relevant
nondimensional groups valid for the range 30◦ < α < 45◦ as;

N = 1.208× 10−5 We Oh−0.25 Fr0.063 δ

∆max,deep

−0.22

α2 − 51 (2.14)

where ∆max,deep is the crater depth that is found for deep water impacts and
thus the term δ

∆max,deep
is a measure of the wall effect. Here, the droplet velocity

(Vd) is used in the nondimensional groups.

Secondary Droplet properties

Stow and Hadfield [5] examined the radius and displacement of water-sheet (ie:
the corona) for impingements on solid surfaces. This work found relationships
between the time since impingement and the water-sheet thickness and veloc-
ity. These results are shown in shown in Fig. (2.21). This work is interesting
as it produces curves in the same forms as those observed for the secondary
droplet sizes and velocities in the work by Cossali et al. [20, 73].
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(a) Corona Thickness

(b) Corona velocity

Figure 2.21: Corona properties against dimensionless time for droplets im-
pinging on a solid surface, from Stow and Hadfield [5]

Cossali et al. [20] investigated the normalised secondary droplet size com-
pared against the formation time, the results of this work are shown in Fig. (2.22).
This shows that the secondary droplet diameter increases with time, consistent
with the increase in crown thickness, and appears to be reasonably insensitive
to the conditions of the impinging droplet.

This work was built upon by Cossali et al. [73], who discovered that the
secondary droplet diameter could be related to the Weber number of the im-
pinging droplet, in the form Dsd/D = qτm, where q is a constant and m is
related to the impinging droplet Weber number. This bears some similarities to
the relationships explored later in this thesis.
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Figure 2.22: Secondary droplet diameters from Cossali et al. [20]

Within the reviewed literature, correlations and experimental data regarding
secondary droplet quantities, sizes and velocities have been presented. This
provides a level of understanding to which droplet production for moving film
impingements can be compared. However, to the authors best knowledge,
there have been no studies undertaken which consider the secondary droplet
properties for impingements upon moving films. Therefore, the number of sec-
ondary droplets is compared to the relationship form Okawa et al. [19], and
the properties of the secondary droplets compared to the work of Cossali et al.
[73] in section 4.3.

2.4.2 Crown Morphology

This section details development models describing the size and growth of the
crown, including its radius and number of ligaments and growth rate.

Crown Diameter

Yarin and Weiss [76] produced perhaps the first attempt to model crown de-
velopment with time. Within this work it was suggested that the dimensionless
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crown radius could be expressed in the form Rc/D = 1.29(τ − 1.28)1/2. The
relationship was compared to experimental data from Levin and Hobbs [33],
and it was observed that this relationship over-predicted compared to the ex-
perimental results. Cossali et al. [20] performed experiments which verified the
square-root relationship between dimensionless crown diameter and dimen-
sionless time.

Continuing form this, Weiss and Yarin [77] examined crown development for
impingements on very thin static films. This work found that spreading of the
crown could be determined in the form; R/cD = [C(τ − τ0)]

1/2, where C is a
constant (C = 24.7), and τ0 is the time delay between the droplet hitting the
film, and the crown beginning to move (τ0 = 0.020). These parameters were
determined based on curve fitting for their experimental data.

Trujillo and Lee [21] attempted to model crown formation of droplet imping-
ing upon liquid films based on the concept of kinematic discontinuity. A rela-
tionship for the crown radius in the early stages is shown to depend on the
ratio of film heights inside and outside of the cavity based on a series of or-
dinary differential equations. After the delay time (τ0), the crown propagation
becomes independent of upstream conditions, and is directly influenced by the
film depth, due to the conservation of momentum within the crown. This rela-
tionship was compared to data from Cossali et al. [8] in Fig. (2.23) and showed
to be an improvement over that derived by Weiss and Yarin [77] with a consid-
erably reduced level of over-estimation.

Roisman et al. [41] suggested an analytically derived model for the crown
radius for droplet impingements upon moving films. This is in the form:

R∗c = βcrown ×
√

(τ + τ0) (2.15)

R∗c is the dimensionless crown radius, τ is dimensionless time, hf is the
film thickness, the expansion term βcrown =

(
3δ
2

)−1/4
and τ0 is a dimension-

less constant based on the film height, τ0 = (1/
√

24hf ) − 1. Examining this
relationship, it is evident that it maintains the same square-root form as those
derived by previous authors, and furthermore shows a dependence on film
height, similar to that suggested by Trujillo and Lee [21]. Therefore, this form
has significant scope for applications to moving-film impingements.

Gao et al. [45] investigated droplet impingements on moving films for a
wide variety of conditions. It was found that upon impingement, the centre of
the cavity moves downstream at the same speed as the film flow. The radius
of the crown was well predicted by the analytical solution for static films from
Roisman et al. [41] when βcrown and τ0 were modified to represent their exper-
imental conditions. However this was further developed into the form shown
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Figure 2.23: Comparison of theoretical model from Trujillio and Lee [21]
against experimental data from Cossali et al. [8]

in Eqn. (2.16) to provide a higher level of accuracy in the early time stages of
0 ≤ τ ≤ 6 ;

R∗c = βgao
√
τ +

1√
6δ
−
(

1

3δ
− 1√

6δ

)1/2

(2.16)

βgao =

(
2λ2

3δ

)1/4

λ =
0.53

Re−0.02
d ×We0.03

d × Ū−0.26
f × δ0.12

where

• R∗c is the dimensionless crown radius (r̄c = rc/D)

• τ is the dimensionless time (τ = tU/D)

• Ūf is the velocity ratio (film velocity/droplet velocity)

• δ is the dimensionless film thickness (hf/D)

From this we can see that there are two competing equations to describe
crown evolution: the model from Roisman et al. [41], is analytically derived but
has not been proven to be valid for impingements on moving films, and that
from Gao et al. [45] which has been developed from moving-film experiments,
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yet has not been proven valid for τ > 6. These relationships are considered
and compared to moving film experimental data in section 5.3.2.

2.4.3 Ligament Formation

Krechetnikov & Homsy [22] argue that there are several regimes of crown
splashing, regular, frustration, and irregular. Regular is where a single wave-
length is observed around the crown. Frustration is where two or three differing
wavelengths compete, and Irregular is where well-defined wavelengths are dif-
ficult do discern. Examples of these are shown in Fig. (2.24).

Figure 2.24: A figure from Krechetnikov & Homsy [22], illustrating different
forms of crown.

Krechetnikov & Homsy [22] also suggest that the breakup of the ejecta, i.e.;
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the cause of prompt splashing, is due to the Richtmyer-Meshkov (RM) instabil-
ity mechanism, which can be considered as a special case of Rayleigh-Taylor
instability. The basic difference between Richtmyer-Meshkov and Rayleigh-
Taylor (RT) instability is that Richtmyer-Meshkov is a result of a sudden accel-
eration at the interface, whereas Rayleigh-Taylor results from a constant accel-
eration. This allows the development of interfacial instability under Richtmyer-
Meshkov conditions regardless of the direction of the acceleration relative to
the interface. In the case of droplet-impingements, the fluid is destabilised as
it accelerates into the surrounding air, and experiences compressibility effects.
However, at later times; as the crown begins to move under its inertia and de-
celerate due to viscous losses, it is suggested that Rayleigh-Taylor instability
begins to dominate the production of droplets and ligaments on the crown.

This is supported by Zhang et al. [23] who compared the inverse bond
number of the crown, against time from the impingement. (Bo−1 =

√
(σ/ρar) ·

r−2
0 ), where: ar is the acceleration seen at the rim, r0 is the radius of the crown’s

rim. When the inverse Bond number is greater than one, it is stated that the
effect of acceleration can be considered unimportant relative to the capillary
effects. When we consider Fig. (2.25), it is evident that at early times, when
prompt splashing is observed, the inverse bond number is less than one, and
indicates a dependence on the acceleration of the crown rim. Conversely, at
later times, the inverse Bond number is larger than one, indicating that late-time
breakup is dominated by capillary effects. This supports the suggestion from
Krechetnikov & Homey [22] that there are two differing instability mechanisms
for crown breakup.

Figure 2.25: Calculation of the inverse Bond number of the crown rim against
time, from Zhang et al [23]
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Zhang et al. [23], showed that the wavelength of the bulges in the crown
rim at later times were predicted accurately by models of Rayleigh-Plateau
instabilities. Furthermore, using Fig. (2.26) it was possible to show that the
predicted wavelength of Rayleigh-Taylor instability is significantly greater than
what was experimentally observed, thus disputing the conclusions of Krechet-
nikov & Homsy [22] and Bremond et al. [78], that Rayleigh-Taylor instability was
responsible for the formation of ligaments on the crown at late time-scales.

Figure 2.26: Comparison of the peak wavelength against predicted values
from Rayleigh-Plateau (RP) instability and Rayleigh-Taylor (RT) instability from
Zhang et al. [23]

From the literature, it seems apparent that crown splashing may be the
result of differing instability mechanisms, depending upon the time at which
droplets are produced. This is examined later in section 4.2, where a qualitative
analysis into the formation of droplets is discussed, and related back to these
mechanisms.

2.4.4 Crater Development Modelling

This section outlines attempts in literature to model properties of subsurface
craters, this includes the width, length diameter and depth of the craters, for
both deep pool, and thin films. Of these scenarios, deep pool has had the most
investigation, with thin and moving films being investigated the least.
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Crater Depth

Although the above surface phenomena of droplet impacts have been well
studied, there have been fewer attempts to model the behaviour of the craters
formed during impacts. In this section the nomenclature shown in Fig. (2.27)
will be used to differentiate between directions of the crater and cavity spread
relative to the flow.

Figure 2.27: A sketch of a crater establishing nomenclature of the cavity and
crown

One early model is that created by Engel [79]. This paper took experimental
data and used it to develop a model to determine the variation of crater depth
with time. When compared to experimental data, the model has a strong cor-
relation with the experimental data initially. However, at later time periods, a
distinct deviation between the data and the predicted depths is observed.

More recent attempts have used dimensionless parameters to characterise
crater development. Those commonly used are the dimensionless time (τ =

tU/D), by [80, 25, 24] dimensionless crater width (Ω = width/D) [25, 24] and
dimensionless crater depth (∆ = ycr/D) [25, 24, 54].

Berberovic et al. [25] derived the asymptotic solution in Eqn. (2.17) for
droplet impingement on deep pools. This defines a curve in dimensionless
time which crater growth tends towards, at high values of Wed. However, as
this model, does not account for surface tension or viscosity parameters, and
therefore is of limited use for lower energy impingements.

ȳcr = 2−4/5(5τ − 6)2/5, τ > 2 (2.17)

where:

• ycr is the crater penetration depth (mm)

• τ is the dimensionless time (tU/D)
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Berberovic et al. [25] also determined that for the initial stages of crater
propagation the crater was roughly hemispherical, and the dimensionless depth
(∆) can be expressed as Eqn. (2.18).

∆ ∝ 0.44τ (2.18)

Following on from Berberovic et al. [25], Bisighini et al. [24] developed a
model for crater depth for deep film impingements based on a series of ordinary
differential equations, which adapted to various droplet parameters. This tech-
nique is relatively computationally inexpensive compared to previously used
CFD techniques used by Berberovic. The model centred around Eqns. (2.19,
2.20), and was shown in the paper to adapt to various conditions and show a
good fit with experimental depth data as shown in Fig. (2.28).

α̈c =
3α̇2

c

2αc
− 2

α2
cWe

− 1

Fr

ζ

αc
+

7

4

ζ̇2

αc
(2.19)

ζ̈ = −3α̇cζ̇

αc
− 9

2

ζ2

αc
− 2

Fr
(2.20)

∆ = α+ ζ (2.21)

where:

• αc is the diameter

• ζ is the offset

• We is the Weber number of the droplet

• Fr is the Froude number of the droplet

Figure 2.28: A figure from Bisighini et al. [24], comparing the model in
Eqns. (2.19 - 2.20) to experimental data

Within the field of thin-film modelling, accurate models for depth are some-
what harder to find. Although it has been shown [26] that the early stages of
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cavity propagation are like those for thicker films, the rate of expansion of cav-
ity depth begins to decrease as the cavity approaches the wall. This is not
accounted for in existing deep-film models.

Crater Width

Berberovic et al. [25] attempted to model thin film impacts upon thin films,
using Volume of Fluid (VOF) CFD. A comparison between the experimental
results, and CFD simulations is shown in Fig. (2.29) for δ = 2. Unfortunately,
no correlations were derived from these experiments.

Figure 2.29: Comparison of a VOF CFD model for impingements upon thin
films with a CFD model from Berberovic et al. [25]

Bisighini et al. [24] developed a model for crater width which is defined in
Eqn. (2.22). This could define the dimensionless crater width (Ω), that is, the
width divided by droplet diameter, at a given point in dimensionless time. This
method relied on the constant α0, which was found by fitting to their data using
the least mean square method. This accurately predicted for their experimental
conditions, but may not hold valid outside of their examined experimental range.

Ω = 2
√

(α0 + 0.17τ)2 − (0.27τ − α0)2 (2.22)

where:

• α0 is constant (found as 0.77 using the least mean squares method)

• τ is the dimensionless time (tU/D)

Roisman et al. [42] produced a model that related the dimensionless cavity
width as a function of Wed, Frd, τ , and δ. This model is shown to adapt to a
wide variety of droplet and film conditions with a high level of accuracy. The
model of Roisman et al. [42] is shown by Eqn. (2.23)
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Ω =
√
β(τ − τ0)− f(τ − τ0) (2.23)

where:

f(τ − τ0) =

(
2δ

Ωmax ·Wed
+

4

Wed
+

δ2

FrD

)
(τ − τ0)2/δ,

Ωmax =
β

2

√
δ

G
− δ

G ·Wed
,

G =
4

Wed
+

δ2

FrD

Roisman et al. theorised that τ0 and β were dependent on the dimension-
less film height δ, as shown in Eqn. (2.24).

τ0 = 0.5δ1.7; βRoisman = 0.62δ0.33 (2.24)

Van Hinsberg et al. [43] also used this model and noting that there was
a dependency of β on Wed proposed a modified approach for obtaining β as
shown in Eqn. (2.25). For clarity, to differentiate in this work each β term, each
has been subscripted with the name of the primary author of the paper from
which it is derived.

βHinsberg =

(
22.3

Wed
+ 0.5

)
· δ−0.33 (2.25)

Furthermore, Hann et al. [26] investigated droplet impingements upon a
static film of δ = 0.43. This paper concludes that for the initial stages of impact,
the crater depth propagates as per Eqn. (2.18) proposed by Berberovic et al.
[25] before the decellerating as the cavity approaches the wall. This work then
correlates with the width model from Roisman et al. [42], and proposes an
improved derivation of β in the form:

βHann = 3.1 (Wed · δ)−0.37 (2.26)

Considering the literature, it is evident that many models have been cre-
ated to characterise the key parameters of droplet impinging onto static films.
However, in some cases, such as Eqn. (2.23), there are multiple variations of
the model that require further work. Furthermore, few of these models have
been shown to be valid for impingements onto moving films. Therefore, in sec-
tion 5.2.2, cavity dynamics for moving film impingements are investigated and
compared to the existing model from Roisman et al. [42], with the aim of un-
derstanding which, if any of the forms of β can be used to characterise cavity
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dynamics for moving film impingements.

2.4.5 Droplet Spreading and Mixing

The spreading and mixing of the droplet and film has significant implications for
heat transfer. Hann et al. [26] looked at the thickness of the droplet material for
impingements on static films using the BB-LIF technique. This technique (dis-
cussed in section 2.6.2) allowed the spread and thickness of the droplet mate-
rial within a cavity to be measured. Fig. (2.30) shows experimental data of the
droplet spreading, at various values of dimensionless time (τ = 1, 1.5, 2, 3, and
5) for Wed = 283. The experimental data is compared with the correlation from
Roisman et al. [6] for droplet spreading on a solid surface. The experimental
data points show a strong correlation with the dotted line of the model, espe-
cially for the later stages of the impingement (τ = 1.5 − 5). This shows that
post-impingement dynamics can be remarkably similar to pre-existing static
film knowledge, and suggests that previous understanding and theory regard-
ing heat transfer between droplets and solid walls may be applied to droplet-film
impingements.

Figure 2.30: A figure from Hann et al. [26] comparing experimental data about
droplet deformation from a droplet-film interaction to the model from Roisman
et al. [6] (Eqn. (2.12))

2.4. Droplet Impingement Modelling 47



2

Antony Mitchell University of Nottingham

Thoraval et al. [27] investigated droplet impingements on deep pools and
showed that some splashing behaviours can be attributed to Von Karman vor-
ticity within the advancing crown. Furthermore, computational simulations sug-
gested that when Red is height, this vorticity could spread along the droplet-film
interface, as shown in Fig. (2.31) and facilitate mixing between the droplet and
film. This analysis is also supported by experimental work by Castrejon-Pita
et al. [28], who observed vorticity at the droplet-film interface through shadow
graph imaging, and by seeding the droplet with fluorescein dye. An example of
this behaviour is shown in Fig. (2.32).

Figure 2.31: Von Karman Vortic-
ity predicted computationally at the
droplet-film interface by Thoraval et
al. [27]

Figure 2.32: Von Karman Vortic-
ity observed at the droplet-film in-
terface by Castrejon-Pita et al. [28]

Agbaglah et al. [29] further investigated vorticity at the droplet-film interface
using high-speed X-ray imaging. This work provided additional experimental
corroboration of the findings of Thoraval et al. [27] Furthermore, regions of
Wed and Red were proposed within which vorticity was observed, shown in
Fig. (2.33). Agbaglah et al. also suggested that the initiation of vortex shed-
ding is better predicted by the Capillary number of the droplet (Cad) as shown
by the boundary on the black line, which represents Cad = 0.2, and gives a
reasonable approximation of the transition to vorticity.
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Figure 2.33: Vorticity map from Agbaglah et al. [29], showing computational
simulations, and experimental data from Zhang et al. [30], showing the transi-
tion to vorticity around Ca = 0.2

Yang et al. [81] undertook computational modelling of droplet material
spreading within the crater using Smooth Particle Hydrodynamics (SPH). Their
study showed that when the cavity was at its largest size, the droplet materiel
was spread as a thin layer within the cavity. This implies that whilst the model
form Roisman et al. [6] provides accurate modelling of the spread within the
cavity for early time-scales, once the cavity is in the self-similar inertial regime,
spread of the droplet fluid may be dictated by the expansion of the cavity.

Whilst some attempts have been made to understand the spreading and
mixing for static film impingements, it is not certain how these behaviours will be
affected by impinging upon a moving film. Therefore, there is scope to establish
the validity of these models for static film impingements. As a follow-up to
the work of Hann et al. [44], section 5.2.3 describes a comparison of droplet
spreading for an impingement upon a moving film, making comparisons to the
relationship from Roisman et al [6]. Furthermore, a preliminary investigation is
undertaken to determine if the BB-LIF technique can be used to visualise the
mixing between the droplet and film.

2.5 Summary of Droplet Impingement Literature

As shown, there is a large variety of experimental and computational work
within the field of droplet impingement. However, most of this work is focussed
on either solid substrate or static film impingements, whilst the amount of exper-
imental work for moving films is comparatively small. The need for the research
presented in this thesis is therefore clearly established.
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It has been shown that within the literature, there is little understanding of
secondary droplets produced from impingements on static films, and no re-
search considering secondary droplet properties for impingements on moving
films. Furthermore, although asymmetry has been observed within the crown
and crater, there is minimal understanding of the controlling factors for this
behaviour, and no attempts have been made to model how this affects the
development. Therefore, these topics will be considered in the course of this
thesis.

The work presented in Chapter 4 examines the necessary conditions for
droplet production, the physical mechanisms of droplet production, and the
quantity, size and velocity of those droplets which are produced. Comparisons
are made specifically to the observations and transition regimens and correla-
tions from Cossali et al. [20, 8, 73], Hunag and Zhang [46], Okawa at al [10, 19]
Gao et al. [45], and breakup theories by Agbaglah et al. [29], Krechetnikov &
Homsy [22], and Zhang et al. [23] as discussed in sections 2.1 - 2.4.1

Chapter 5 focuses on the cavity development, spread of droplet material
within the cavity and, the development of the crown upstream, downstream
and across the flow. Specific comparisons are made to the models produced
by Gao et al. [45], Roisman et al. [41, 42, 6], Van Hinsberg et al. [43] and Hann
et al. [44], as discussed in sections 2.4.2 - 2.4.5.
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2.6 Data Acquisition Methods

This section briefly outlines the various methodologies of data acquisition used
historically, from early experiments to more contemporary investigations. The
primary focus of these sections is on the approaches and techniques valid for
application to droplet-moving film experiments. The techniques and equipment
used within literature are evaluated, and conclusions drawn regarding which
methods are most appropriate to the current work.

2.6.1 Visual Data Acquisition Methods

The first use of optical techniques in the field of droplet impingement can be
traced back over 100 years. Worthington [31] investigated droplet impinge-
ments using spark photography, where a bright spark was used to ‘burn’ the
image at that split-second temporarily onto observersâĂŹ retina, to create a
timeline of a droplet impact. Although by contemporary standards the method-
ology of Worthington may seem crude, the illustrations within the paper show
many of the characteristics observed in later papers. (Discussed in Section
2.1.)

Figure 2.34: Illustration of a droplet impact made by Worthington [31] in 1876

Image Capture

The next major advancement in the use of cameras to capture images of
droplet impacts. In 1908 Worthington [4] used a film camera to record im-
ages. However, the stand-out use of this technique is by Edgerton [32], who in
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1938 used an electronic flash to capture images of droplets of milk as shown
in Fig. (2.35). The pictures obtained are very clear, with minimal motion blur.
However, this technology could still capture single frames, and so it was less
useful as it is difficult to create a timeline of the events after a droplet impinge-
ment without many experimental repeats.

Figure 2.35: Photograph of a droplet impact taken by Edgerton in 1936 [32]

In 1971 Levin and Hobbs [33] used a 5000 Hz film camera, with a powerful
spotlight to illuminate their droplets, to ensure there is enough light hitting the
film during the short exposure time. Using this method, the authors were able
to capture clear images of droplet impingements, and furthermore were able
to create a composite image. The images are relatively clear, as shown by a
sample image in Fig. (2.36), However, one of the disadvantages of using a film
high speed camera, is that the high frame rate uses a large amount of single
use film. This in turn makes the process relatively expensive and laborious,
resulting in only a small range of conditions being investigated within this work.

The next big development in image capture was in the widespread avail-
ability of digital cameras. Since these require no single-use film, the cost of
operation is significantly reduced. Furthermore, the data can be manipulated
on a computer, making it much easier to manipulate and process the images.
In 1995, Yarin and Weiss [34] used a digital video camera which was charge
coupled to an array of LEDs. The LED array is linked to the camera shutter to
ensure the sensor has enough light to create a clear image.

Yarin and Weiss [76] also used long exposures on a film camera with a
strobe light, to generate single pictures, with a snapshot from several points in
time overlaid. Although this method is low cost, the fact that the images overlap
make it is difficult to fully understand how the splash develops, as shown in
Fig. (2.37).

In recent years, high-speed digital photography has further improved, cam-
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Figure 2.36: Still from the film obtained by Levin and Hobbs [33]

Figure 2.37: A long exposure image obtained by Yarin and Weiss [34] using a
strobe light

eras such as the Phantom v12.1 are now capable of frame rates of 6000Hz,
whilst still maintaining image resolutions of 1 mega-pixel. Furthermore, sensor
technology has significantly improved, allowing a higher range of colours and
intensities, and lower noise levels than earlier cameras.

More recently, the advent of Pulsed-LED spotlights has allowed even higher
levels of illumination with high-powered LEDs. The light source can produce
much higher illumination levels, whilst generating significantly less heat than a
conventional halogen lamp. Furthermore, these LED’s can accept a TTL pulse
from the camera, allowing an increase in light output during the exposure, and
the light to be turned off when the shutter is closed. This means the light inten-
sity whilst the shutter is open can be higher, whilst keeping the temperatures
within tolerable levels.
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Summary

The work presented in this thesis uses the most advanced technology avail-
able. This consists of a digital high-speed camera, and high intensity lighting.
Two high-speed cameras have been utilised, a Phantom V12.01, and an IDT
Vision OS3. Both cameras can achieve frame rates in excess of 6000Hz at
1 mega-pixel image resolution, and are suitable for use recording droplet im-
pingements. Illumination is provided by either high-powered halogen lights, or
by pulsed-LED lights as described in section 3.3.

2.6.2 Laser Induced Florescence (LIF)

Alongside conventional high-speed imaging, Laser Induces Fluorescence (LIF)
is commonly used to investigate behaviours of fluids across a broad range of
single and multi-phase experimental applications, including droplet impinge-
ment scenarios [44, 28, 82]. This section discusses the usage of Laser Induced
Fluorescence for the investigation of droplet and film interactions, before finally
examining the Brightness Based-LIF technique, which allows determination of
the fluid thickness based on the illumination intensity.

One of the earliest usages of LIF to visualise fluid flows was by Hewitt and
Nicholls [83], who used laser fluorescence to visualise flows of disturbance
waves in annular dispersed flows. Their approach used the relative intensities
of the peaks and troughs of the waves to visualise propagation of these waves
along the surface, and paved the way for later techniques investigating film
thicknesses.

Another common use of LIF is to investigate the dispersal and mixing of
fluids, Hoffman et al. [84] investigated the mixing of liquids using Rhodamine B
fluorescent dye and high-speed camera. This work showed that with the correct
dyes and optical techniques, it is entirely possible to record the movement of a
very small amount of fluid doped with fluorescent dye.

Similarly, Castrejon-Pita et al. [28] use LIF to investigate the mixing at
the droplet-film interface, and confirmed the existence of Von Karman vortex
shedding causing mixing between the droplet and film as shown previously in
Fig. (2.32).

More recent development of LIF has focused on developing the ability to de-
termine film heights from the illumination intensity. Alekseenko et al. [35] devel-
oped on the observations of Hewitt and Nicholls, and developed the Brightness
Based Laser Induced Fluorescence (BB-LIF) technique. This allowed conver-
sion of image intensities for fluids of constant concentration into height data.
These experiments used a film containing Rhodamine-6G fluorescent dye in
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water at a concentration of 30 mg/l, this dye was illuminated using a light sheet
from a 532 nm, 50 mW laser. A low pass filter was placed in front of the camera
with a cut off wavelength of 550 nm, this allowed only the 550− 600 nm fluores-
cence from the dye to be detected by the camera, without any interference from
the laser. Depth Measurement was achieved by determining the absorption co-

Figure 2.38: Depth profile obtained using BB-LIF from Alekseenko et al. [35],
numbered labels indicate features in the film referenced in the original literature.

efficient of the fluid using known depths of the solution. For the experimental
tests, the film heights could then be calculated based on the Beer-Lambert law,
in the form shown in Eqn. (2.27) and discussed in much greater detail in sec-
tion 3.5. This technique allowed measurements to be taken with high temporal
and spatial resolution in two dimensions for a row of pixels. Fig. (2.38) shows
a typical dataset from this work, a 3D graph of time, pixel location, and film
height.

J(x,y) −D(x,y)

C(x,y)
=
[
1− expαabs·h(x,y)

]
·
[
1 + krefl · exp−αabs·h(x,y)

]
(2.27)

where:

• J(x,y) is the image in intensity values

• D(x,y) is the dark level of the camera

• C(x,y) is an illumination correction matrix

• αabs is the absorption coefficient of the dye
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• h(x,y) is the film height

• krefl is the coefficient of reflection at the air-water interface

Cherdantsev et al. [36] used a similar technique using a rectangular duct,
with a film loaded by a shearing airflow. The most obvious variation from
the methods used by Alekseenko et al. [35, 85] is that rather than using a
light sheet to illuminate a plane, this work used a wide, dispersed beam, to
gather brightness information inside a two-dimensional array. By using a two-
dimensional data array, it is possible to resolve the experimental region in three
dimensions as shown in the false-coloured image in Fig. (2.39). The technique
gave a spatial resolution of 0.125 mm, with sampling rate of 10 kHz. This work
used Rhodamine 6G fluorescent dye at a concentration of 15 mg/l.

Figure 2.39: Depth profile obtained using BB-LIF from Cherdantsev et al. [36]

Hann et al. [26] used the technique from Cherdantsev et al. [36] to in-
vestigate impingements of water droplets upon thin static films, with a dimen-
sionless film thickness of δ = 0.43. In the course of the experiments, a single
droplet size was used, with five different droplet heights. There were three dye
regimes, (i) both the droplet and film were dyed (ii) the droplet only was dyed
(iii) the film only was dyed. This shows that the BB-LIF technique can be ap-
plied to droplet impingements with high levels of success. An example image
is shown in Fig. (2.40) showing a crater, and its deviation from the nominal film
thickness, nondimensionalised against the droplet diameter. Discussion of the
findings of this study was presented in sections 2.4.4 and 2.4.5.

Summary

Considering the capability of this technique to resolve films in three dimensions,
with high spatial and temporal resolutions, it was decided to use LIF and BB-
LIF for this investigation. Specifically, the technique was used to investigate
spreading of the droplet, and development of the crown and cavity after the
impingement. The data processing for this work is discussed in section 3.5,
and the results are presented in chapter 5.
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Figure 2.40: Depth profile obtained using BB-LIF from Hann et al. [26]
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2.7 Droplet Generation Methods

This section reviews the various methods of creating droplets, and the sizes of
produced by each method. Previous studies deriving correlations for droplets
impinging on static films have predominantly focused on droplets in the range
of D = 2− 4 mm. However previous works within the University of Nottingham
[86] has shown that droplets entering the bearing chamber are in the range of
0.051− 02.35 mm.

The simplest form of a droplet generator is to push fluid through a hy-
podermic needle. This typically creates droplets in the 2 − 5 mm range
[17, 8, 31, 87, 88]. These droplets usually detached from the hypodermic nee-
dle either due the influence of gravity, or a pressure pulse.

Other possibilities for droplet generation include vibrating orifice droplet
generators, such as those proposed by Schneider & Hendricks [89], these can
be used to create droplets in the range of 160− 230 µm [88]. Another option is
described by Le. [90] who explains that using ink jet printer cartridges, it was
possible to create droplets of 13 µm using the cartridges from a HP Desk Jet
890C, and to create 15 µm droplets using the cartridge from an Epson Color
Stylus 800.

Considering that previous study within the University of Nottingham has in-
dicated that droplets in the range 1.5− 2.3 mm form 73% of the mass entering
the chamber, and that most correlations for static film literature are in the range
of 2− 5 mm. It was decided to select droplet sizes of 2 mm and 3 mm, created
using a needle system. This gave a level of comparability with both previous
literature, whilst still maintaining an aspect of applicability to bearing condi-
tions. The specific system and characterisation of the produced droplets are
discussed in section 3.1.2

2.8 Data Processing and Analysis

Within literature, several methods have been used to analyse the data, this
section outlines the methodologies used to enhance images and to detect and
characterise features within them.

The key challenges are:

• Illumination correction and contrast adjustment

• Impinging droplet detection

• Height conversion for BB-LIF images

• Feature detection for BB-LIF processing
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2.8.1 Image Post-processing and Enhancement

Vernon [37] discussed methods to filter out background noise, spatially cali-
brate the camera, and to determine droplet sizes.

In order attain the best results, Vernon decided to remove the background
from the image using a Gaussian filter. This created a blurred version of the
image being analysed. If the blurred image was then subtracted from the orig-
inal image, this has the effect of removing the background. Results of this
process can be seen in Figure 2.41. As is evident, there is a significant reduc-
tion in background noise and the droplets are much easier to discern from the
background. This increase in uniformity and contrast made the image easier to
process by reducing the probability of any false positive results.

Figure 2.41: The background removal process used by Vernon [37]. The left
image is the original image captured by the camera. The central image is the
same, but with a Gaussian filter applied. The right image is the result when the
blurred image is subtracted from the original, showing the droplets in the image

This process bears a resemblance to the lighting correction detailed on the
Mathworks website [38] however instead of using Gaussian blur, this method
uses a morphological structuring element to create a blurred background im-
age. Which is then subtracted from the original image in the same manner
as used by Vernon. It is possible to tweak the performance of this function by
changing the shape of the structuring element. Overall both methods produce
an acceptable result, removing the background and smoothing out lighting dis-
crepancies.
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Figure 2.42: The original image is shown on the left, and the right show it after
lighting correction and contrast adjustment. [91]

Mathworks [92] and The San Diego State University [93] detail a method of
de-blurring images using a Weiner filter. This technique is shown to be able to
reduce the blur of an image by significant amounts. However, in this process
some noise is introduced into the image. Therefore, although it is possible
to restore blurred images, it is much more desirable to avoid motion blur when
capturing the images initially. This technique may however be useful for smaller
secondary droplets where the reduced radius reduces the threshold at which
motion blur occurs.

2.8.2 Spatial Calibration

To spatially calibrate the lens, Vernon used an object of known size, and then
found the number of pixels that object occupied. From this it was possible to
determine a spatial constant, which made it possible to calculate the size of
objects with unknown dimensions from the frame.

2.8.3 Droplet Detection

It is desirable to detect the droplet and key regions in images, this can be done
using a variety of methods, those that detect regions, and those that detect
edges.

Edge Detection

Vernon used morphological operations to determine the approximate area of
the drop. To do this the ‘fill holes’ function in LabView was used. However,
it is remarked that this function is proprietary, and no details are given on its
methodology. Nevertheless, it created a bright region, extending across the
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diameter of the droplet. Vernon then used the ‘particle analysis’ function. This
identified the dimensions of the region, and selected the larger, as this repre-
sents the diameter of the droplet. Finally, the diameters could be converted
from pixels to real measurements using the spatial constant calculated above.

Figure 2.43: The edge detection, thresholding and morphology from Vernon
[37]. The left image shows the result of the edge detection software. The
central image shows the thresholding used to determine if the droplet is in
focus and the right image shows the result of the hole filling.

Mathworks details a method to detect cells using the edge function [91].
This function is a simple way to apply a variety of complex edge detection
kernels to an image. The available kernels are comparable to those used by
Vernon in LabView. Alghoul [57] compares the effects of several edge detection
kernels on a pendant drop. Using Sobel and Prewitt kernels it is determined
that increase in sensitivity required to get a continuous outline of the pendant
drop, also causes ‘undesired edge pixels’ to be detected. The Roberts kernel
showed similar undesired pixels, however these where typically concentrated
around the drop profile. Alghoul notes that the best results were obtained from
the Canny and Laplacian of Gaussian operators. By tuning the threshold, it
was possible for Alghoul to generate a continuous, one pixel thick, outline of
the pendant drop with no unwanted edge pixels. The detected area of the
droplets is also stated to vary by a maximum of 60 µm using Thresholding,
Canny and Laplacian of Gaussian.

Region Detection

Mathworks [38] details a procedure using the thresholding technique in Mat-
lab. This makes it possible to detect regions of an image. However, this is a
very primitive method for region detection. Alghoul [57] notes that whilst global
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thresholding struggled to accurately detect a pendant droplet due to its trans-
parency, it was possible to detect an edge region.

Vernon details a method for determining the ideal setting of the ‘threshold’
comparing the results with varying threshold levels, and determining an ideal
level for each set of conditions. However, Alghoul [57] used the inbuilt MATLAB
function imthresh was used to provide an initial threshold, which was then tuned
manually to improve the results.

Matlab also provides an inbuilt circle finding function [39] which is designed
specifically to find circles in images, this is achieved by implementing the circu-
lar Hough transform in the method proposed by Yuen et al. [94]. This method is
preferred as it is highly robust, even where there is varying illumination or high
levels of noise. Sample images using this technique are shown in Fig. (2.44).
From this image it is evident that the methodology can detect circular objects
with ease, even when they are in a non-enhanced grayscale image.

Figure 2.44: Circled detected using the imfindcircles function from MATLAB
literature [39]

LIF Data Processing

Hann et al. [44] outline the steps of processing LIF images to obtain height
data. Firstly, the absorption coefficient (αabs) is calculated by comparing the
image intensity to known thicknesses of dyed fluid. By plotting the image inten-
sities against the fluid thickness, it is possible to fit Eqn. (2.27) and calculate the
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dye absorption coefficientαabs. The next step was to correct for the dark-level
of the camera. This dark-level image was acquired by taking an image from the
camera with the lens cap obscuring the lens, and the base values of the pixels
could then be cancelled out.

Whilst a volumetric light-sheet, like that used by Hess et al. [95] was used to
illuminate images, it was necessary to correct for unevenness in the illumination
using a correction matrix. This was created by averaging each pixel across the
time domain, and then calculating the relative brightnesses across the image.
This does unfortunately reduce the Z-axis resolution in darker areas of the
image, as fewer pixel intensity values are used to represent the same depth of
film.

The images were then converted to height data, this was achieved by re-
arranging Eqn. (2.27) and applying across each image. The absorption coef-
ficient was the experimental calculated value, and the reflection coefficient at
the air water interface was presumed to be the standard value of air and water
of 0.02. This assumption does present a weakness within the technique, as
this assumption will deteriorate for highly curved regions of the film.
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Chapter 3

Experimental Investigation

Within this chapter, the details of the inclined plane experimental testing rig
are discussed. This generates a moving film onto which droplets are targeted.
Previous works [8, 19, 42, 41] have shown that post-impingement behaviours
are dependent on the properties of the target film. Therefore, a number exper-
imental and theoretical methods were applied to determine the film depth and
bulk velocity across the entire range of film conditions.

This chapter includes a description of the testing rig, characterisation of the
flow along the channel, and set up of the cameras, lights and laser system.
Finally, the applied methods of data acquisition and analysis are discussed in
section 3.4. This includes positioning and set up of the high-speed cameras
and illumination sources, and an overview of the automated data processing.
When manual data processing techniques have been used, the heuristics used
to draw distinctions between different behaviours are provided.

3.1 Experimental Apparatus

The inclined-plane testing rig was designed to provide an environment closer
to aero-engine bearing chambers than explored by static film research. This
was achieved by introducing movement to the film, and impinging the droplets
at non-normal impingement angles to the film, whilst still maintaining compa-
rability to existing static-film literature. This section includes an overview of the
experimental rig and droplet generation methods.

3.1.1 Test Rig Summary

A schematic for the apparatus used in these experiments is outlined in Fig.
(3.1), and a photograph is provided in Fig. (3.2). This consisted of a water tank,
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Figure 3.1: Diagram showing the Testing Rig

fitted with a PID controlled heating element, consisting of a Watlow EZ Zone
controller and a Redring 33324601, to ensure a constant water temperature
(typically 30 ◦C). This was then pumped using a Nocchi Pura Dom pump to a
header tank, a constant pressure head was achieved by using an overflow, to
return water to the main tank. This provided a constant flow down the channel,
and reduced back-pressure (and therefore wear) on the pump compared to
using a control valve directly.

After exiting the header tank, water flowed through a valve controlling the
flow, and an RS components 441-4879 Liquid Flow Indicator to measure the
flow rate, with a stated accuracy of ±2%, and a repeatability value of ±1%

[96]. Finally, the water flowed down the channel, and returned to the tank.
Accuracy of the flow meter was verified using a bucket of known volume and a
stopwatch, the flow control mechanism is shown in Fig. (3.3). The channel was
50 mm wide, and had walls 25 mm high and was fabricated from clear perspex.
As discussed in section 3.2, the impingement site was placed 1.4 m from the
beginning of the channel, to allow the flow to become fully developed at the
point of impingement.

Inclination of the channel was adjusted using a vertical slot with an adjust-
ment rod, as shown in Fig.(3.4). Through basic trigonometry it was possible to
determine the angle based on the length of the adjustment rod, and the dis-
tance between the adjustment slot and the pivot point. Increments of 10 ◦ were
marked on the adjustment rod, to allow easy and repeatable adjustments. The
PID control system measured the temperature of the water in the channel using
a thermocouple, and adjusted the power to the heating element to ensure the
water temperature was constant. For safety purposes, a second thermocouple
measured the temperature of the water in the tank, and was designed to cut
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Figure 3.2: Photograph of the testing rig, showing the inclined channel, cam-
eras and laser optics.

power to the element if tank temperature exceeded 40 ◦C.

3.1.2 Droplet Generation

Most static film literature has focused on droplets within the range of 1.5 mm <

D < 3.5 mm range. Therefore, to maintain comparability with previous studies,
droplets of 2 mm and 3 mm were generated. Previous work within the Gas
Turbine Transmission Research Centre (G2TRC) [86] has shown that droplets
formed from a geometry and regime of interest are within the range of 0.051−
02.35 mm, with droplets in the range of 1.5− 2.3 mm forming 73% of the mass
of fluid. Whilst future work is anticipated to consider the smaller droplets within
an aeroengine oil system, these sizes were selected to gives both bearing rel-
evant sizes, and sizes comparable to static film literature. Finally, use of these
larger droplet sizes provided ease of visualisation using commonly available
photographic lenses.

These droplets were produced using a syringe and 0.3 mm and 0.71 mm
diameter dispenser tips, as shown in Figx. (3.5, 3.6). Droplets were formed
by blowing gently into the attached pipe, and allowing a droplet to form and
detach. Accuracy values for this method are discussed in section 3.4.2.

3.1.3 Flow Calibration

Although the rig is fitted with a RS 441-4879 Liquid Flow Indicator, it was
deemed prudent to check if this was accurately displaying the flow rates. Ex-
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Figure 3.3: Photograph of the testing rig, showing the adjustment mechanism
in detail

periments were undertaken using a ‘bucket and stopwatch’ technique. A bucket
of known volume was placed under the outlet of the channel, with a stopwatch
used to record the time taken for the bucket to fill up. From the time taken,
and the bucket volume, it was then possible to determine the flow rate. Results
from the experiments are shown in Tbl. (3.1), where percentage difference is
calculated as:

%Difference =| IndicatedF low−MeanflowRate | ×100/IndicatedF lowRate

Considering the results, it is evident that the rotameter is accurate for most
measurements, with an average variation of 2.74%, which can be attributed to
parallax errors and human reaction times. Therefore, the indicated flow values
will be used in further calculations.
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Figure 3.4: Schematic of the Channel elevation system

Figure 3.5: Photograph of the syringe height adjustment system

3.1.4 Experimental Parameter Range

The range of experimental parameters considered within the course of this
thesis are summarised in Tbl. (3.2).

3.2 Channel Characterisation

As many authors [8, 15, 10, 41, 42, 44] have observed, post impingement
behaviours are influenced by the properties of the target film, it was deemed
necessary to understand the nature of the film flowing along the channel. The
key parameters required included the flow regime (laminar, turbulent), if the
flow is fully developed, and the film height and bulk velocity.
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Figure 3.6: Photograph of the droplet generation system from preliminary test-
ing.

Table 3.1: Calibration of the Flowmeter

Indicated
Flow Rate
(l/m)

Bucket
Volume
(l)

Fill Time (s) Mean

Time
(s)

Mean
Flow
Rate
(l/m)

%

Diff-
erance

1 2 3
4 20 290.6 292.6 291.6 291.6 4.115 2.88
6 20 190.4 195.6 193.3 193.1 6.21 3.57
8 20 150.1 151.5 147.4 149.67 8.02 0.22
10 20 114.3 114.2 115.2 114.57 10.47 4.74
12 20 98.1 97.2 98 97.77 12.27 2.28

3.2.1 Empirical data

This subsection details the empirical data collection processes for flow down
the channel, including the experimental processes, determination of flow de-
velopment, film heights, and key dimensionless parameters.

Experimental Set-up

On the experimental rig the fluid emerges from a slot 50 mm wide, with a height
of 2 mm. The channel is made from clear perspex, measuring 50 mm wide,
1.4 m long and with sidewalls 25 mm high It can be angled at various incli-
nations between 10◦ and 40◦ to the horizontal. The fluid is fed from a header
tank fitted with a weir, this allows a constant pressure head, and hence creates
a more repeatable film, whilst simultaneously reducing the risk of damage to
the pump. Flow from the header tank was controlled through combination of a
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Table 3.2: Experimental Parameters

Parameter Nominal Values Calculated Values
D ( mm) 2, 3 2.05, 2.98

Release height ( mm) 100 - 700
V d (m/s) 1.25 - 3.4

α
10◦, 20◦,

30◦, 40◦

Flowrate (lpm) 4, 6, 8, 10, 12
Film height ( mm) 0.82 - 2.79

Dimensionless Parameters
Wed 75 - 854
Red 4100 - 13700
Ohd 0.00208 - 0.00250
Ref 6300 - 18000
Frf 6.3 - 13.5
δ 0.24 - 1.36

rotameter and a gate valve to measure and adjust the flow rate.
To measure the film height, a Keyence LT-9030M Laser Displacement sen-

sor was used, this allows determination of the various layers within the chan-
nel (air, perspex,water, air) utilising the confocal principle patented by Minsky
[40] and shown in Fig. (3.7). This allowed determination of the distances to
the peaks in the signal, caused by the interfaces between the layers. Modern
systems using this technique have been shown to be able to determine the
thickness of transparent, multi-layered objects with a high degree of accuracy
[97].

Figure 3.7: Illustration of the confocal laser displacement technique from the
original Minsky patent [40] (annotated)
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The sensor was placed below the channel perpendicular to it as shown in
Figs. (3.8, 3.9). The sensor was mounted upon a micrometer which allowed it
to move perpendicular to the channel base determine the interfaces between
air, perspex, and water.

Figure 3.8: Experimental apparatus for determination of film thickness

Figure 3.9: Photo of experimental apparatus for determination of film thickness

The sensor was initially placed in the lowest position, and raised until the
first interface was observed. Due to the geometry of the channel, this inter-
face was between the air and perspex at the underside of the channel and
unimportant for the film measurements. The sensor was then further raised
until the interface between the Perspex and water was found. A reading was
taken from the micrometer, and a series of measurements were taken from the
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Keyence sensor and the average was added to the micrometer reading. This
process was repeated at the air/water interface at the surface of the film, and
the average of two distances to determine a film thickness.

(a) Surface voltage reading from the Keyence LT-9030M confocal laser displacement
sensor, showing a typical signal profile.

(b) Surface profile taken from the Keyence LT-9030M confocal laser displacement sen-
sor, showing height data. Calculated as Rsurf − R̄base

Figure 3.10: Surface profile taken from the Keyence LT-9030M confocal laser
displacement sensor, showing a raw voltage signal, and the processed height
readings, and the x-axis shows the measurement number.

The measurements from the micrometer where recorded. And the data
from the sensor was recorded for 10,000 measurements, at a rate of 50 Hz per
second. This gave a run time 3 minutes and 20 seconds, to account for any
wave patterns on the surface. This was outputted in the form of an analogue
−10 V −+10 V signal. The signal was recorded using a National Instruments
USB-6009 DAQ and LabView, and a typical representation of this is shown in
Fig. (3.10a) The signal was converted to a distance measurement by interpo-
lating based on the output voltage, and the displacement range of the sensor
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in the form:

(Rsurf−Rbase)+[(Vsurf + 10/20)× (Bu −Bl) +Bl]−[(Vbase + 10/20)× (Bu −Bl) +Bl]

where:

• Rsurf is the surface micrometer reading

• Rbase is the base micrometer reading

• Vsurf is the voltage recorded for the surface measurement

• Vbase is the voltage recorded for the base measurement

• Bu is the upper bound set in the sensor software

• Bl is the lower bound set in the sensor software

Measurements were taken at 200 mm intervals along the channel, at flow
rates of 4, 6, 8, 10 and 12 l/m a typical graph of measured height against time
is shown in Fig. (3.10b), and the average values are shown in Figs. (3.11a-
3.11d). The data-points are the mean value for each position. The error bars
are calculated as the arithmetical mean deviation of the surface as given by
Degarmo et al. [98], in the form;

Ra =

∑
|hi − h̄f |
n

where:

• hi is the individual film height measurement

• h̄f is the mean film height

• n is the number of measurements

It should be noted thatRa appears to be independent of the inclination angle
of the channel
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(a) Average film thickness along the channel for various flow rates at 10 ◦ inclination

(b) Average film thickness along the channel for various flow rates at 20 ◦ inclination

Figure 3.11: Experimental measurements of film thickness for various
flowrates and channel inclinations.

3.2. Channel Characterisation 74



3

Antony Mitchell University of Nottingham

(c) Average film thickness along the channel for various flow rates at 30 ◦ inclination

(d) Average film thickness along the channel for various flow rates at 40 ◦ inclination

Figure 3.11: Experimental measurements of film thickness for various
flowrates and channel inclinations.
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Fig. (3.12) shows the velocities of the film , calculated by dividing the volume
flow rate by the cross sectional area of the film (Vf = Q̇/base · hf ), the error
bars indicate the velocity to 95 % confidence. The confidence interval affects
the calculations most significantly for the thinner films, which generally shows
larger error bars than when the film is thicker.

The work using this value can be divided into two parts, the crown skew
(section 5.3.1), and the upstream and downstream crown modelling (section
5.3.2). With the prediction of the crown skew, a very large dataset is present
which is then manipulated to create a global statistical correlation. Resulting
from this, it can be anticipated that any errors will average out across the large
number of experiments.

Figure 3.12: Bulk film speeds, including error bars calculated using the 95 %
confidence intervals shown in Tbls. (3.3 - 3.6). The legend indicates the chan-
nel inclination angle in degrees

Previous studies have shown that surface roughness has an influence on
post impingement behaviours. Tropea at al [62] postulated that surface rough-
ness (Ra) has only has a weak relationship with post-impingement behaviours
in the range of 3(Ra/D)0.16 < δ < 1.5 ; a region for which the majority of our
experimental conditions fall into, except for when q̇ = 4l/m and the channel
inclination is α ≥ 30. However, to ensure that the experimental results are not
unduly affected, each case was repeated 10 times, and if any waves where
deemed to have influenced the outcome, the experiment was repeated. For
each condition, the experiments were performed only on one day.
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Calculation of key dimensionless film parameters

Tables. (3.3- 3.6). Shows the calculated nondimensional parameters for film
flow rates of 4, 6, 8, 10, and 12 l/m error in the flow rate assumed as the 2% error
+1% variance, as taken from the RS components datasheet [96]. These val-
ues are calculated using standard values for fluid properties from data tables.
These are the values which will be used as the film properties in the analysis
of droplet impingement results. Examining the mean film velocities and thick-
nesses, these are of comparable values to those found by Wittig et al. [99], for
oil film flow in aeroengine bearing chambers. (1− 1.5 mm, 0.8− 1.5 m/s). The
Froude and Reynolds numbers of the channel are given by:

Fr = Vf/
√
g × hf

Ref = ρVfRh/µ

Where:

• Vf is the bulk film velocity (Q̇/width · hf )

• g is acceleration due to gravity (9.81 m/s)

• Rh is the hydraulic radius, (Rh = [width× hf ]/ [width+ 2× hf ])

• ρ is the fluid density at 30 ◦C (995.7 kg/m3)

• µ is the dynamic viscosity of water (7.98× 10−4Pa · S)

The error values in Tbls. (3.3- 3.6) indicate a 95 % confidence interval, cal-
culated using the method of Kline and McClintock [100] a sample form for Ref
is shown in Eqn. (3.3), and a sample calculation is included below in Eqn. (3.4).
In this case errors for the fluid properties and channel width are presumed at
2 %. To ensure comparability with the error calculations for droplet parameters,
the 95 % confidence interval is used for the error values of Vf and Rh; as these
parameters are derived from empirical measurements, their uncertainty values
are calculated using Eqns. (3.1,3.2).

Vf(error)

Vf
=

√√√√(Hf(error)

Hf

)2

+

(
Q̇(error)

Q̇

)2

+ 0.022 (3.1)

Rh(error)

Rh
=

√√√√(Hf(error)

Hf

)2

+ 0.022 +

(√
(2 ·Hf(error))2 + 22

(2 ·Hf + 100)

)2

(3.2)
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Ref(error)

Ref
=

√(
Vf(error)

Vf

)2

+

(
Rh(error)

Rh

)2

+ 0.022 + 0.022 (3.3)

0.0428 =

√(
0.0247

0.803

)2

+

(
1.45× 10−5

0.00156

)2

+ 0.022 + 0.022 (3.4)

Therefore, as for this case, Ref = 4629, this implies Ref(error) = 198.
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Table 3.3: Key nondimensional film parameters at 10 ◦.

Flow Rate
(l/m)

Height (mm) Mean Velocity (m/s) Fr Ref

4 1.66 ± 0.0109 0.80 ± 0.12 1.18 ± 0.037 4629 ± 198

6 2.26 ± 0.0115 0.88 ± 0.11 1.29 ± 0.039 5177 ± 218

8 2.43 ± 0.0115 1.10 ± 0.13 1.60 ± 0.049 6453 ± 271

10 2.63 ± 0.0120 1.27 ± 0.14 1.85 ± 0.056 7479 ± 314

12 2.79 ± 0.0126 1.44 ± 0.16 2.09 ± 0.064 8478 ± 355

Table 3.4: Key nondimensional film parameters at 20 ◦.

Flow Rate
(l/m)

Height (mm) Mean Velocity (m/s) Fr Ref

4 1.11 ± 0.0109 1.20 ± 0.27 1.79 ± 0.059 6748 ± 326

6 1.57 ± 0.0104 1.27 ± 0.19 1.87 ± 0.058 7309 ± 312

8 2.01 ± 0.0093 1.33 ± 0.17 1.94 ± 0.059 7741 ± 325

10 2.13 ± 0.0109 1.57 ± 0.20 2.29 ± 0.071 9156 ± 386

Table 3.5: Key nondimensional film parameters at 30 ◦.

Flow Rate
(l/m)

Height (mm) Mean Velocity (m/s) Fr Ref

4 0.92 ± 0.0125 1.45 ± 0.44 2.17 ± 0.077 7976 ± 379

6 1.47 ± 0.0120 1.36 ± 0.25 2.01 ± 0.071 7804 ± 340

8 1.83 ± 0.0126 1.46 ± 0.23 2.14 ± 0.071 8460 ± 363

10 2.06 ± 0.126 1.62 ± 0.23 2.37 ± 0.073 9438 ± 401

Table 3.6: Key nondimensional film parameters at 40 ◦.

Flow Rate
(l/m)

Height (mm) Mean Velocity (m/s) Fr Ref

4 0.84 ± 0.0087 1.58 ± 0.36 2.39 ± 0.079 8651 ± 389

6 1.28 ± 0.0087 1.57 ± 0.25 2.32 ± 0.076 8880 ± 380

8 1.58 ± 0.0082 1.69 ± 0.22 2.48 ± 0.076 9694 ± 409
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3.3 Visual Data Acquisition

This section outlines the set-up of data acquisition equipment, including the
positioning of the high-speed cameras, lights and laser head. Also included are
the necessary considerations when setting up the optics and software. Firstly,
the positioning of the cameras is described for the various experimental set-
ups. Then the dye seeding and optical considerations for BB-LIF are discussed.
Finally, the settings of the camera and lenses are summarised.

3.3.1 Camera Positioning

As shown in Figs. (3.2, 3.13), the IDT OS4 high speed camera was positioned
to the side of the channel, looking inwards. The other side of the channel had
a Veritas Constellation 120E pulsed-LED light with a diffuser (tracing paper) in
front of it to ensure an even light distribution.

Figure 3.13: Diagram of the Camera Positioning

BB-LIF Set up

For the BB-LIF experiments, the side-view camera was set up in the same man-
ner as described above, the primary difference was the reliance upon the laser
and fluorescence to illuminate the target, rather than a conventional back light.
A second camera was placed perpendicularly below the channel to record the
crater and cavity development as shown in Figs. (3.14, 3.15). Alongside this a
volumetric laser light sheet was located, powered by a Dantec DualPower laser,
this projected a dispersed beam of monochromatic 532 nm light into the target
area. A volumetric light sheet optic was used, which created an even region
of illumination across the channel, and reduced the severity of any illumination
corrections. The film was doped with Rhodamine 6G, which fluoresces at a
higher wavelength than the laser light. The original 532 nm illumination from
the laser could then be filtered out using a 532 nm notch filter, leaving all other
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Figure 3.14: Positioning of the cameras and laser optics

spectra unimpeded. This allowed the camera to observe only light produced
from fluorescence of the film.

Figure 3.15: Diagram of the Camera Positioning

3.3.2 BB-LIF Dye Concentrations

For the experiments undertaken using the BB-LIF technique, it was neces-
sary to seed the droplet, film or both with Rhodamine 6G dye. Depending
on the thickness of the fluid layer, concentrations were in the range of 8-
15mg/l as suggested by previous works [36] to provide suitable illumination
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and contrast. Careful selection of the concentration was important, as at high
thicknesses and concentrations the emission begins to exhibit non-linear be-
haviours [101]. The published BB-LIF theory and mathematics does not com-
pensate for this non-linear response, and depth determination would be un-
proven and increased in difficulty.

When only the droplet was dyed, conventional LIF was used to track the
spreading of droplet material within the cavity. As the droplet fluid forms very
thin layers on the inside of the crater. It was required to increase the dye con-
centration above the linear limit to approximately 30 mg/l. This precluded the
use of BB-LIF, however ensured that the droplet material could be accurately
tracked. Droplet spreading is considered important as droplet spreading has
significant implications for heat transfer between the droplet and film.

3.3.3 High Speed Camera Set-up

This section details the processes undertaken to set up the individual cameras
for experiments. The exposure time was set to avoid motion blur being present
in the images. For these experiments, a 105mmmicro-NIKKOR lens was used.
This was set up by setting the focal plane to the centre of the channel where
the droplet impinges. To acheive this, an object of half the channel width was
placed against the far side of the channel, and the focal plane adjusted until
the edges of the object were sharp and well-defined. The aperture was set
by taking test images, and closing it until both the front and back of the crown
were in focus. For BB-LIF images the calibration plate was placed on the base
of the channel and the calibration image was taken under ambient illumination
and higher exposure times.

To ensure accuracy, new calibration images were regularly taken, to ac-
count for any unwanted movement of the camera.
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3.4 Data Processing and Analysis

This section outlines the data processing and analysis utilised to generate
quantitative data from the videos of impingement for the conventional high-
speed camera imaging. Whilst there is distinct overlap between the data pro-
cessing techniques, methodologies specific to BB-LIF are later discussed in
Section 3.5.

3.4.1 Preprocessing

The first steps in data analysis were to import the images into MATLAB, en-
hance the illumination and contrast, and determine the spatial calibration fac-
tors.

Importing to MATLAB

Depending on which camera was used, the data could be imported directly into
MATLAB using third party functions. Data from the Phantom V12.1 camera was
imported using the cineRead function, produced by Brainerd [102], whilst Data
from the IDT OS4 camera was imported using functions supplied by the original
equipment manufacturer, in the software development kit [103].

Illumination Correction

After importing the data, the next step was to adjust the illumination. As the
level of illumination was consistent across the image, this was achieved simply
by adjusting the contrast of the image using the MATLAB function imadjust.
By default, this function maps the intensity values in the image so that 1% of
the data is saturated at the highest and lowest intensities of the image. This
increase in contrast assists the implementation of threshold and edge-detection
techniques in later processing.

Spatial Calibration

The next step in the data processing was to spatially calibrate the images. This
made it possible to calculate droplet and crater sizes, and compare the crater
sizes in different impact conditions.

This was done by creating a calibration plate, with a number of 1 mm holes
in it, equispaced at a 10 mm pitch on in grid pattern (See Fig. (3.16a)). The
cameras then recorded a frame with the calibration plate in the shot. This

3.4. Data Processing and Analysis 83



3

Antony Mitchell University of Nottingham

made it possible to identify the centroid of the holes using the Matlab func-
tion imfindcircles. Knowing the pixel coordinates and the distance between
the holes, it was then possible to calculate the number of pixels per mm in
both images. This was undertaken for both the side-view and BB-LIF im-
ages where appropriate. Typical scaling factors for the BB-LIF images were
20.49 ± 0.25 pix/mm to 95% confidence, calculated from all 10 calibration im-
ages taken at the same notional location. For the side-view images, a typical
scaling factor was 53.66 ± 0.45 pix/mm, giving an error of approximately 1%
across the two views.

(a) Image of the calibration plate taken
with the high-speed camera

(b) Holes detected on Calibration plate
using imfindcircles

Figure 3.16: Spatial calibration

3.4.2 Image Feature Detection

After preprocessing, the next step in analysis was to determine features of
the impingement, this was achieved using a variety of automated and manual
processes outlined below

Detection of the Impinging Droplet

The impinging droplet properties were calculated using canny edge detection,
and the Matlab imfindcircles function. The radius was determined by taking
the mean across several frames, and the velocity was determined by observ-
ing the displacement between the final frames before the droplet hit the film.
This displacement could then be converted into a velocity by dividing by the
frame rate. The frame of impingement was defined as the moment the droplet
touched the film, and this was determined manually from the frame number.

Impinging Droplet Properties

Whilst theoretically each droplet should be almost identical in size, to account
for any discrepancies, each droplet size was measured, to allow any omission
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of deformed or mis-sized droplets. The droplet sizes for high-speed camera
investigations were collated and Fig. (3.17) shows histograms for each nom-
inal droplet size, calculated using the imfindcircles function in Matlab (dis-
cussed in more detail in section 3.4). The averages of these were found to be
2.086 ± 0.0065 mm, and 3.076 ± 0.0129 mm, with uncertainties to 95% confi-
dence interval. For the BB-LIF experiments it was necessary to tilt the syringe

Figure 3.17: Histograms of droplet sizes produced from syringe for conven-
tionally illuminated experiments

to avoid the fluorescent fluid within appearing within the frame of the camera
and disrupting the measurements. In these cases, the droplet sizes were found
to be 2.34 ± 0.014 mm and 3.34 ± 0.021 mm for 2 mm and 3 mm droplets re-
spectively across the 350 tests at each condition. Shown as a histogram in
Fig. (3.18).

Whilst these sizes are different, they are still within 15 % of each other
across the two testing regimes. Furthermore, for any comparisons made be-
tween the two datasets, the variance should be accounted for using nondi-
mensional parameters. Alongside this, repeatability of the experiments, was
ensured at each experimental condition by the use 10 repeats. If any of these
repeats were influenced by waves on the film, they were discarded and the
experimental re-performed.

The droplet centroid was calculated using imfindcircles (discussed in
more detail in section 3.4) for the last two frames prior to impingement. Know-
ing the differences in centroid, time between frames, and scaling factor, the
velocity could be determined. For comparison, the measured values are com-
pared to predictions from basic kinematics with and without air resistance, as
calculated using Eulers method [104] in Fig. (3.19).
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Figure 3.18: Histograms of droplet sizes produced from syringe for BB-LIF
experiments

Figure 3.19: Mean droplet speeds for 2 mm and 3 mm impinging droplets

Impingement Outcome

The impingement outcome was manually determined by watching the images.
Each outcome type was assigned a numerical value, and this was input using a
dialogue box in Matlab produced using the questdlg function. To ensure con-
sistency it was necessary to determine a set of criteria for each impingement
type, this is outlined in Tbl. (3.7)

Secondary Droplets

Due to the complexity of the image after a droplet impingement, the secondary
droplet parameters were determined manually. Firstly, a droplet was chosen
that formed on the upstream side (as upstream splashing was observed more
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Table 3.7: Impingement Outcome Classification

Impingement
outcome

Criteria Image

Coalescence Minimal disturbance on
the surface any waves
produced have heights
less than their width

Crown Formation Production of a crown or
wave with a height greater
than its width.

Crown Splash Production of a crown and
any generation of sec-
ondary droplets.
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consistently) of the impingement site, and remained in focus. Secondly the
frame in which the droplet detached was recorded. Comparing this to the Im-
pingement frame allowed the time of secondary droplet formation tSD to be
determined. The size and velocity of the droplet was measured manually using
the ginput function and selecting the left and right edges of the droplet. Re-
peating this procedure across two frames allowed the average diameter and
the velocity to be calculated from the coordinates. Only droplets which re-
mained within the focal plane of the camera were used, as otherwise it would
be impossible to accurately measure the droplet velocity due to the out-of-plane
component. Furthermore, only visibly spherical droplets were chosen, with dis-
torted droplets being omitted due to the increased difficulty of determining their
radius.

3.4.3 Secondary Droplet Production Mechanism

The secondary droplet production mechanism was determined manually, this
involved observing the impingement and comparing to the criteria set out in
Tbl. (3.8) The typical heuristics to determine the boundary between prompt
and progressive droplets involved examining when the fluid forming the droplet
was displaced. Fluid that was displaced from the droplet-film interface and
breaking up under Richmyer-Meshkov instability at the instant the droplet hit
the film was regarded as prompt splash. However, fluid displaced later, in
the inertial regime, at the end of long ligaments were regarded as progressive
splashing.

The boundary between Progressive and Recessive splashing was charac-
terised by examining the movement of the crown fluid around the detachment
time. If the crown continued to increase in size after the droplet detached it
was classified as progressive, whereas if the crown began to shrink, and the
ligament receded rapidly it was recessive.
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Table 3.8: Droplet production mechanism criteria

Mechanism Description

Prompt Caused by Richmyer-
Meshkov instability at the droplet-film
interface immediately after the droplet
hits the film.

Progressive Caused by short-wave
breakup of the ligaments as the crown
expands. Droplet accelerates away
from ligament tip
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Recessive Caused by the ligament
beginning to withdraw, produces very
large droplets, with low apparent ve-
locity. Remaining ligament tail accel-
erates away rapidly under surface ten-
sion

Interstitial During the recessive
phase, a small droplet is formed in
a manner similar to satellite droplet
production for gravity driven jets. The
thin region of fluid separates at both
ends, and forms a small droplet.
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3.5 BB-LIF Image Processing

The BB-LIF data facilitated a much greater level of automated analysis for the
conventional high-speed imaging. However, greater care had to be taken in the
pre-processing, to ensure accurate results.

3.5.1 Conversion to Height Data

The first step in converting from pixel intensities to height data was to calculate
the absorption coefficient. This was achieved by measuring the intensity of
light emitted by the dye for fluids of known thickness, this could then be fitted in
Matlab to the form shown in Eqn. (2.27). This was achieved using a series of
cuvettes placed in the centre of the image to give different thicknesses of fluid.
Illumination correction was omitted, as the volumetric light sheet produced an
even intensity in its centre, and any small discrepancies could be accounted for
by averaging the intensity over an area.

Figure 3.20: Calculation of the absorption coefficient

The absorption coefficient was calculated by plotting the thickness of fluid
in the cuvettes, against the measured intensity (normalised by one of the dat-
apoints) as shown in Fig. (3.20). From this, it was possible to for αabs using
Eqn. (3.5), and curve fitting in Matlab. This gave a value for αabs which could
then be used to convert film intensities into height data.

With the absorption coefficient calculated, the next step was to load the
image into Matlab, this gave Fig. (3.21a), exhibiting uneven illumination. To fix
the uneven lighting, the illumination correction matrix, C(c,y) was created. This
was undertaken by first calculating the nominal intensity level correlating to the
film height hf , using the calculated absorption coefficient, and Eqn. (3.5).
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(a) Raw Image from high speed camera

(b) Correction matrix, created by time-based median filtering

(c) Height data (colorbar in meters)

Figure 3.21: Steps of BB-LIF processing
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Jnominal =
[
1− expαabs·hnominal

]
·
[
1 + krefl · exp−αabs·hnominal

]
(3.5)

Then, time-based median filtering [105, 106] was used to create a back-
ground image. The intensities in this background image could then be used to
correct the illumination in the original image, as per the theory from Eqn. (2.27).
This was achieved by creating a correction matrix that would compensate for
uneven illumination across the image, the result is shown in Fig. (3.21b). It
should be noted that this technique will result in a loss of resolution in the Z-
axis for the darker areas, as the same range of depths is represented by fewer
intensity levels. However, this effect was minimised by the use of a volumetric
light sheet, which provided a large region of even illumination.

The final step of pre-processing was to convert the images into height data,
this was achieved by rearranging Eqn. (2.27) to solve for h, for speed and
accuracy this was implemented using the Matlab solve function. After conver-
sion, this produced the matrix show in Fig. (3.21c) showing even height values
across the film, and the height differences in the cavity and disturbance waves.
It is important to note that the height within the crown could not be resolved.
This can be attributed to two reasons; the BB-LIF equation presumes a con-
stant coefficient of reflectivity which is not valid in regions of high curvature,
and the presence of total internal reflection of light within the crown increasing
the apparent brightness values.

Crown and Crater Properties

The size of the crater and crown, in the directions both parallel and normal to
the flow were determined by thresholding. The threshold value was determined
by analysing the data using a histogram of the film values under nominal condi-
tions, as shown in the upper plot of Fig. (3.22). The upper and lower thresholds
were then placed either side of this peak. Any values outside these thresholds
could then considered as representing the crown or cavity, a histogram of which
is shown in the lower plot in Fig. (3.22). Returning to actual images Fig. (3.23a),
is a false coloured image, where the colour represents the height as shown by
the colour-bar. The material below the lower threshold was easily segmented
into the crater (3.23b), and the material above the upper threshold as the crown
(3.23c). These images were achieved through simple thresholding techniques,
applying greater than and less than operators to the pixel values based on the
determined thresholds.

From these images, the furthest extent of the features in the x and y direc-
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Figure 3.22: Histogram of Film-height values, showing the thresholds used for
feature detection

tions could be found, corresponding to the crown or crater dimensions. For
crown detection, further filtering was undertaken to remove any secondary
droplets from the image using the bwareaopen function, which omitted any re-
gions below a manually defined number of pixels.
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(a) BB-LIF Image with colour scale showing the
height in mm

(b) Detected Crater (c) Detected Crown

Figure 3.23: Detection of crown and crater using the Thresholding technique
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Droplet Spread within the Cavity

The spread of the droplet within the cavity was determined using the same
threshold techniques as used to determine the properties of the crown and
crater. The raw image from the high-speed camera was imported into Matlab
(Fig. 3.24a). The threshold was then set by creating a histogram, (Fig 3.25)
to a level just above the noise of the camera. This allowed differentiation be-
tween the dark background and the fluorescent droplet material. Finally, logical
operators were applied determine the regions with illumination greater than the
threshold, as shown in Fig. (3.24b). The bounds and area of this region could
be calculated using regionprops.

(a) High-Speed Camera Image (b) Thresholded to detect droplet mate-
rial, secondary droplets removed using
bwareaopen

Figure 3.24: Detection of Droplet material from thresholding of the High-Speed
Camera images.

3.6 Conclusions on Data Analysis

This chapter has discussed the data analysis techniques applied to the data
from both the conventional and BB-LIF imaging. This includes detection and
characterisation of the impinging droplet, analysis of the high-speed images,
and conversion and analysis of the BB-LIF experiments.
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Figure 3.25: Histogram of intensity values from 3.24a
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Chapter 4

Secondary Droplet
Production

The production of secondary droplets is a key cause of parasitic efficiency
losses within the highly rotating flow of an aeroengine bearing chamber. There
is a pressing economic and environmental need to reduce these losses, and
to increase efficiency. Typically, this is achieved by design iterations which are
supported by CFD simulations; however, these simulations can be highly com-
putationally expensive, creating a great burden in terms of cost and delays to
the project.

The aim of this work is to increase physical understanding and to aid in
large-scale Computational Fluid Dynamics. This is achieved by devising corre-
lations from experimental data, that can then be applied in a simulation, rather
than requiring the modelling of each individual droplet impact, with associated
significant savings in labour and computational time.

This chapter presents data and analysis pertaining to secondary droplet
formation and characteristics, the results were obtained through analysis of
high-speed images. Both qualitative and quantitative analyses are presented
and comparisons with existing works from static film impingement literature is
made.

The work undertaken can be broken down into four main categories;

• The transition between coalescence, crown formation and splashing be-
haviours.

• An investigation into the physics of ligament breakup in varying condi-
tions.

• The number of secondary droplets produced from the crown.
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• The properties of these secondary droplets.

For the sake of brevity, nominal droplet sizes will be used in the course of
this discussion, as defined in section 3.4.2.

4.1 Impingement Outcomes

Previous authors have observed that secondary droplet production is depen-
dent on the characteristics of the impinging droplet for impingements on static
films [20, 10, 19]. However, there is a remarkably small body of work concern-
ing droplet impingements where the film is moving. The aim of this section is
to compare the conditions under which droplet production occurs with previous
understanding for static film impingements.

To delineate between impingement outcomes the criteria from Tbl. (3.7)
are used to categorise the outcome. Typically, previous authors [17, 8, 10]
have evaluated this data by plotting the splashing parameter (K) against the
dimensionless film thickness (δ). As previously discussed in section 2.1.2, this
work uses the form of K from Cossali et al. [8] (referred to as KC). The
velocity component used in the calculation will be indicated with the following
nomenclatureKC(V n) indicates the velocity normal to the film,KC(V d) indicates
the total droplet velocity, andKC(V t) indicates the component of droplet velocity
parallel to the film.

Then to analyse the data, several parameters were determined from the
high-speed camera images. The impinging droplet properties were charac-
terised by applying a circular Hough transform across the last frames before
the impingement. Other properties, including the impingement outcome, sec-
ondary droplet size and velocity, and number of secondary droplets were de-
termined manually using the heuristics defined in Section 3.4

Figure. (4.1) shows KC(V d) against δ with the three impingement types plot-
ted alongside the KC(V d) = 700 boundary between coalescence and crown
formation, and KC(V d) = 2100, the boundary between crown formation and
crown splashing, both from Okawa et al. [19] for normal impingements upon
static films. On this figure, higher value of δ equates to a higher ratio between
film thickness and droplet diameter, and as this work only focused droplets
of water, a higher value of KC(V d) equates to either a larger or faster droplet
(higher Wed). From this, it is evident that although points are scattered either
side of the boundaries, there is reasonable agreement with these established
static film transition points. Okawa et al. [19] found that for inclined impinge-
ments upon static films, use the droplet velocity gave good agreement to the
KCossali = 2100 transition when α < 50. This is unexpected, as previous work
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Figure 4.1: Impingement outcomes against δ and KC calculated using Droplet
Velocity (Vd) showing agreement with the static film boundaries of KC(V d) =
700 & KC(V d) = 2100.

by Alghoul et al. [17] on moving films has shown that the film movement en-
hances the crown size on the upstream side, which as one may expect the
threshold of splashing to be decreased. This is an important finding as not only
does it bring clarity to a scenario where there is a level of disagreement within
the literature, and suggests that there may be scope for successful application
of correlations from static-film literature for moving-film impingements.

When examining the literature, it was noted that there were no reported
cases of a robust statistical approach being used to determine the transitions
between behaviours, with the placement seemingly dependent on qualitative
observations. Therefore, it would be useful to develop a statistical approach to
determine these boundaries, and characterise the transitions in a more definite
and numerical manner. To this end it was decided to create probability his-
tograms for the impingement outcomes. This was achieved by creating bins in
the KC domain. this process was undertaken for both Vn and Vd are shown, as
it was anticipated that this work would give further insight and conclusivity into
the correct form of KC to use in the determination of impingement outcomes.
Each bin had a width of K = 300 found through trial and error. Within each bin,
the probability of each outcome was calculated in the form shown in Eqn. (4.1).
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(a) Probability of Crown Formation against KCossali calculated using both Vd and Vn

(b) Probability of Crown Splashing against KC calculated using both Vd and Vd

Figure 4.2: Statistical analysis of impingement outcome probabilities

For statistical significance, it was ensured that each bin contained at least 10
impingements.

Probability =
NOutcome
NTotal

(4.1)
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This technique generated the data points shown in Fig. (4.2) a and b. Ex-
amining the data, it seemed that the curves had the form of a cumulative dis-
tribution function (CDF ). This is a function used to represent the area under a
continuous distribution curve, and hence the cumulative probability of an out-
come at a specific point on the x-axis.

Eqn. (4.2) was fitted to each dataset with the use of constants the a and b.
a gives a translation in the x-axis, which represents the value of KC at which
there is equal probability of either outcome. b is a scaling parameter, which
provides an indicator of the sharpness of the transition, with a higher b value
indicates a more gradual transition and vice-versa.

P (outcome) = CDF

(
(KC(V n) − a)

b

)
(4.2)

Fig. (4.2) a, shows the probability of crown formation against KC(V n) and
KC(V d), with the fitted values of a and b for each velocity term being shown on
the graph as determined by the MATLAB curve fitting toolbox. The standard
error of the estimate (σest) is shown alongside these values, and is an indicator
of the level of error between the data and the fitted curve. Across all cases this
was very low, indicating a good fit to the data. This information is shown for the
data on crown splash probability in Fig. (4.2) b.

Firstly, by examining the magnitudes of b for each transition, the value is
smaller when droplet velocity (Vd) is used to calculate the splashing parameter
KC than when the normal velocity(Vn) is used. This indicates a steeper gra-
dient, and therefore a sharper and more defined transition. This supports the
observations made for Fig. (4.1) that Vd is the more appropriate velocity term
for nondimensionalisation.

Furthermore, the values for the point of equal probability (a), which can be
considered as the threshold between behaviours. Is at KC(V D) = 725 and 2149

for the Coalescence/Crown Formation and Crown Formation/ Crown Splash
boundary respectively. These values are extremely close to those found by
Okawa et al. [19] for static films. Therefore, this statistical analysis further
supports the argument that static film boundaries are valid for impingements
upon moving films.

The variables a and b obtained by employing Vd in calculation of KC are
summarized in Table. 4.1.

Okawa et al. [19] observed a dependence on impingement angle for more
severely inclined impingements (α > 50). Therefore, it was also decided to in-
vestigate the effect of impingement angle on the transitions between impinge-
ment outcome types. Whilst the highest level of inclination to the film within
this work was 40◦, there was concern that the film velocity may also influence
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Figure 4.3: Crown Splashing occurrences separated by Impingement angle
against KC(V d). Showing similar behaviours for 10 < α, 30, and a much more
gradual transition at a higher value of KC(V d) when α = 40

the transitions at these highly inclined conditions. This investigation was un-
dertaken using the same statistical techniques, but with the dataset subdivided
by angle. The results of this analysis are shown in Fig. (4.3) and Tbl. (4.2). As
is evident for α = 10 − 30 the fitted curves are almost identical, with a sharp
transition around the KC(V d) = 2100 area. However, as the angle increases
to α = 40 an increase in the transition point is evident, and the sharpness of
the transition decreases and becomes more gradual. This is reminiscent of the
behaviour observed by Okawa et al. [19]; however, for inclined impingements
upon static films, Okawa et al. [19] observed an increase in the critical value
of KC when the impingement angle was 60◦, whereas our experiments show
an increase in the critical KC value at much lower inclinations. It is hypothe-
sised that this may be due to the relative velocity between the droplet and film
inhibiting splashing at these conditions.

Table 4.1: Transition Equation Coefficients for Eqn. (4.2) when Vd is used in
the calculation of KCossali

Transition a b

Coalescence / Crown 725 84
Crown / Crown Splash 2149 416
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Table 4.2: Transition Equation Coefficients for Eqn. (4.2)

Inclination 10◦ 20◦ 30◦ 40◦

Transition 2069 2129 2142 2402

Other Splashing Parameters

Alongside the splashing parameter from Cossali et al. [8], other derivations
from Huang and Zhang [46], and Gao et al. [45] were considered. Fig. (4.4)
shows the experimental data plotted with the KGao and KHuang(thin) parame-
ters, alongside the boundaries established in the literature [45, 46]. Examining
Fig. (4.4a), it is evident that the transition from crown formation to crown splash-
ing is not defined by the KGao = 3378 boundary established by the original
author. This can be attributed to the significant differences in film thicknesses
between the original work hf ≈ 0.2 mm compared to the experiments in this
thesis, shown in Tbl. (3.3- 3.6).

Fig. (4.4b) is somewhat more perplexing, the original paper gave a transi-
tion to splashing defined by KHuang(thin) = 25 + 781.44 giving a transition at
KHuang(thin) ≈ 550, which is much higher than the experimental conditions
investigated in this thesis. However, this transition value does not correspond
with the values plotted on the graph in the original paper, which was referred
to this equation. The transition line illustrated on the original figure exhibits a δ
dependence, and has values in the range of KHuang(thin) ≈ 25− 32. Based on
this, it thought that this discrepancy can be attributed to a typographical error,
and the actual relationship may be of the form KHuang(thin) = 25 + 7δ1.44. This
gives similar values to those in the figure in the original paper.

In this form, the boundary appears close to the transition in the data be-
tween coalescence and crown formation. Whereas the original paper from
Huang et al. [46] indicates that this is the boundary between coalescence
and splashing behaviours. This can be explained as the original work does
not specify the criteria which define their coalescence and splashing regimes.
Therefore, it is suggested that the original study used the term splashing to
refer to both crown formation and crown splashing behaviours.

To conclude, it appears that out of the splashing parameters tested,KC(V d)

gives the most accurate results for our experimental conditions. However, there
may be scope for the application of the KGao parameter for cases with thinner
films than those tested within this thesis.
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(a) KGao = We ·Re1/2
(
1 + δV 2

f

)
(1 + δVf )1/2

(b) Khunag(thin) = (We ·Re)0.25

Figure 4.4: Comparison of experimental data to other derivations of the splash-
ing parameter
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Summary of Impingement Outcomes

Within this section, it has been shown that static film boundaries between im-
pingement outcomes are valid for moving films, when the droplet velocity (Vn)
is used in the calculation of the splashing parameter KC . This result has been
validated for angles in the range of 0 < α < 30, however when α = 40 the
transition point increases from around KC(V n) ≈ 2100 to a higher value of
KC(V n) = 2402 The various forms of splashing parameter were tested, and for
the experimental range investigated in this thesis KC(V d) was found to offer the
most accurate representations of the experimental data.

This information is valuable as it provides conditions under which droplet
production does not have to be considered within a CFD program, this al-
lows the modelling of these impingements to be simplified to merely crater and
crown dynamics, and omit the modelling of droplet production. Furthermore,
if secondary droplet production is desired to be minimised within the bearing
chamber, this shows the ideal characteristics of droplets ejected from the bear-
ing; ideally a value of KC(V d) < 2100, meaning small, slow droplets to reduce
secondary droplet production.
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4.2 Mechanisms of Crown Splashing

Previous studies [8, 9] have outlined different mechanisms of crown splash-
ing, with droplets being produced through Prompt splashing, defined as where
drops are formed from the advancing crown, at the initial contact between the
droplet and the bulk fluid; Crown Splashing, where droplets are produced from
the crown; and finally Jet Breakup, where droplets are formed from the central
Worthington jet.

Arising from our study, it is suggested that there are four distinct mecha-
nisms that lead to droplet formation from the crown. These are Prompt, Pro-
gressive, Recessive, and Interstitial droplet production. The splashing mecha-
nisms categorised here are arrived upon by careful observation of high-speed
images. To the authors’ best knowledge, the present work is the first attempt
to systematically categorize types of secondary droplets resulting from crown
splashing. Each of these splashing mechanisms is explained in detail here,
elucidating the differences between them, both qualitatively and quantitatively.

Prompt and Progressive splashing are depicted in Fig. 4.5, which shows 8
images of a single droplet impact at different times. Prompt Splashing (Fig. 4.5a-
b) is observed during the pressure-dominated regime postulated by Lagubeau
et al. [107] and Roisman et al. [42]. This is where the energy of the droplet
is in the process of being imparted to the film, generating pressure, which in
turn causes the film to accelerate away from the impingement site. Secondary
droplets produced during Prompt splashing are smaller in diameter and pos-
sess greater velocity than those produced by later mechanisms. In our study
both diameter and velocity are quantified, and this data is presented later.

Progressive splashing (Fig. 4.5c-h) is defined here as occurring during the
crown expansion phase, with droplets being produced from the ligaments of the
crown as it expands due to inertia. It is important to understand the differences
between prompt and progressive splashing, and these are in the mechanism
of production.

Krechetnikov & Homsy [22] suggest that the breakup of the ejecta at early
timescales, which produces prompt droplets, is due to Richmyer-Meshkov in-
stability as the fluid is impulsively accelerated into the air by the impinging
droplet. This can be seen in the computational simulations by Haller at al [108]
prompt droplets show vorticity characteristic of Richmyer-Meshkov ‘spikes’.
Conversely, ligament formation on the later crown, from which progressive and
recessive droplets form, has been attributed to Rayleigh-Plateau or Rayleigh-
Taylor instabilities by various authors, [73, 109], with Zhang et al. [23] examin-
ing the wavelength of the instability at the rim of the crown, and showing that
ligament formation is due to Rayleigh-Plateau instability.
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(a) τ = 3.8

(b) τ = 5.7

(c) τ = 7.6

(d) τ = 9.5

(e) τ = 28

(f) τ = 30

(g) τ = 32

(h) τ = 34

Figure 4.5: Prompt and Progressive crown splashing exhibited during a single
impingement at δ = 0.87,Wed = 442, Ref = 17283
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(a) Progressive Splashing at 0.0016
seconds after impingement

(b) Progressive Splashing at 0.0020
seconds after impingement

(c) Progressive Splashing at 0.0036
seconds after impingement

(d) Progressive Splashing at 0.0048
seconds after impingement

Figure 4.6: Surface undulations on a ligament undergoing progressive splash-
ing, at various times after impingement

The detachment of Progressive droplets from the ligament is thought to be
due to short-wave destabilisation, as outlined by Shinjo et al. [110]. Upon
inspection of the ligaments, the characteristic surface undulations are visible
along the length, as shown in Fig. (4.6). Within the narrowed regions of the lig-
ament, capillary pressure pushes fluid away from these regions, into the thick-
ened areas. This in turn intensifies the capillary pressure and further promotes
ligament breakup and thus the formation of secondary droplets.

The Recessive splashing mechanism is shown in the images Fig. 4.7.
Recessive secondary droplets are formed when the ligament from the crown
begins to collapse and recedes, a behaviour first alluded to by Cossali et al.
[73]. As the crown begins to withdraw, the ligament base begins to accelerate
towards the centre of the crater, however the inertia of the end of the ligament
overcomes the surface tension. Hence necking is observed between the end
of the ligament and its’ base. The withdrawal of the ligament base, coupled
with surface tension force within the necked region, cause the tendril of fluid
between the ligament-edge and the ligament-base to thin. The surface tension
within this thinned region causes an increase in pressure in a manner like that
shown for droplet production from the Worthington jet, observed by Castillo-
Orozco et al. [111]. This further increases the propensity towards separation.
This ultimately results in a large droplet, with low velocity, forming from the tip
of the jet. This process is depicted in Fig. 4.7. The droplet is still connected
to the crown by a thin ligament of fluid in Fig. 4.7a. However, by Fig. 4.7b
the ligament has detached from the droplet due to increased pressure of its
narrowed diameter. Furthermore, the ligament is rapidly moving away from
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the droplet, towards the centre of the crater. It should be noted that within the
course of the experiments in the present study, Recessive splashing was only
observed on the larger upstream rim of the crater. This is attributed to the
difference of crown morphology observed during present study to that of the
static film-impact study.

In the past, Rioboo et al. [3] observed Receding Breakup for impingements
upon solid surfaces. Although this is similar in that the breakup is primarily a
result of surface tension causing the lamella to retract and form a secondary
droplet, there is, however, a key difference in the conditions causing the be-
haviour. In the case of Rioboo et al. [3], receding breakup is caused by part
of the lamella of the primary droplet wetting out onto the solid substrate, and
being unable to withdraw to the centre due to the counterforce provided as a
side effect of this wetting out. Whereas our scenario is more comparable to
that of Castillo-Orozco et al. [111], with the counterforce being produced by the
inertia of the droplet.

Finally, the last category of secondary droplets explored in the present work,
here termed Interstitial droplets is depicted in Fig. 4.8. Interstitial droplets are
observed in some cases of Recessive splashing when the receding ligament
breaks at two instances, causing a small droplet to form at the second instance
between the main Recessive droplet and the receding ligament. Within the field
of capillary jet breakup, Mansour et al. [112] described these smaller droplets
as Satellite droplets, however this term has been used within previous droplet
impingement literature to refer to any secondary droplets produced from the
crown. Therefore, the term Interstitial has been used here to describe these
phenomena within the context of this investigation.

During observations of these splashing mechanisms, it was noted anecdo-
tally that each mechanism tended to produce droplets with similar characteris-
tics i.e. size, velocity etc. This is consistent with observations from Cossali et al.
[8, 73], who observed that Prompt splash droplets were typically smaller than
those produced through other mechanisms, and droplets formed as the crown
recedes are much larger. In our work Prompt splash droplets were found to
typically be small and fast, whereas droplets produced by Recessive splashing
were observed to generally be large and slow. Therefore, work was under-
taken which is presented in Section 4.3 to determine if a meaningful relation-
ship could be produced between the droplet production mechanism and the
secondary droplet characteristics.
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(a) τ = 120

(b)

(c)

(d) τ = 131

Figure 4.7: Recessive Crown
Splashing δ = 1.18,Wed = 58,
Ref = 17283

(a) τ = 78

(b)

(c)

(d) τ = 85

Figure 4.8: Interstitial Droplets
formed during Recessive Crown
Splashing at δ = 0.87,Wed = 177,
Ref = 17283
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Summary of droplet production mechanisms

Within this section, four distinct mechanisms of droplet production have been
described and examples shown. These mechanisms are;

• Prompt, caused by Richmyer-Meshkov instability immediately after the
droplet hits the film. Droplets produced are very small and fast.

• Progressive caused by short-wave breakup of the ligaments as the
crown expands. Produced droplets with medium sizes and velocities.

• Recessive caused by the ligament beginning to withdraw, produces very
large droplets, with low apparent velocity.

• Interstitial similar to satellite droplet production for gravity driven jets,
where a thin region of fluid separates at both ends, and forms a small
droplet.

Further work will be undertaken in Section 4.3 to understand the properties
of these secondary droplets.
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4.3 Secondary Droplets

Alongside the propensity of droplets towards splashing, and the physical mech-
anisms of droplet detachment, it is desirable to characterise the splash in a
more macroscopic fashion. This allows complete and expensive simulations of
droplet impingements within a bearing chamber to be substituted for simplistic
and computationally efficient correlations derived from experimental data.

This was undertaken by investigating the number of secondary droplets
formed, and the properties of those secondary droplets, and furthermore to in-
vestigate the effect of separation mechanism on secondary droplet properties.

4.3.1 Number of Secondary Droplets

Previous work by Okawa et al. [19] has suggested, based on empirical data,
that the number of secondary droplets formed from an impingement can be
characterised in the form shown in Eqn. (4.3). This was found to be valid for
impingement in the range of 0 < α < 50 for static film experiments. It should
be noted that as this correlation was found for normal impingements on static
films, whereVd = Vn ; however follow-up work by Okawa et al. [19] observed
that the number of secondary droplets for oblique static film impingements was
more accurately modelled by the use of Vn as the characteristic velocity in the
calculation of KC .

At the time of publication, no work has been undertaken which compares
this correlation to moving film experiments, and for this correlation to be used
to assist in CFD modelling, it is first necessary to validate it for moving-film sce-
narios. The first step was to determine the appropriate form of velocity to use
in the calculation of KC , both Vd and Vn were plotted, and it was found that Vn
provided a much tighter dataset when KC(V n)1.8 < 3000000. This is plotted in
Fig. (4.9), the graph shows both single data points, and means with error-bars,
error-bars were used where there were at least 8 repeats where the number of
secondary droplets and impinging droplet characteristics could be determined
accurately, instances where zero droplets were produced were also omitted, to
avoid skewing the mean values when within the splashing transition region from
Fig. (4.2b). Consideration of the figure shows good agreement with the relation-
ship from Okawa et al. [19] (Eqn. (4.3)). However, when KC(V n)1.8 < 3000000

a distinct deviation from the line is observed.

Nsd = 7.84× 10−6δ0.3K1.8
C (4.3)

This can be understood by consideration of Fig. (4.10a), which shows the
splashing on the upstream side of the cavity, this is plotted against the dimen-
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Figure 4.9: Number of secondary droplets against KC(V n) showing agreement
with the K1.8

C(V n) relationship from Okawa et al. [19] at higher values.

sionless film height δ and KC(V n). From the figure it is evident that on the up-
stream side, the boundary between no splashing and splashing can be placed
around the KC(V n) = 2100 boundary. Conversely if we examine the down-
stream splashing in Figure. (4.10b) It can be seen that for the majority of cases
this transition is at a much higher value, with the value reaching KC(V n) ≈ 4000

before consistent splashing behaviours on the downstream side of the cavity is
observed. From this it can be concluded that the deviation from the predictions
of Okawa et al. [10] below KC(V n) ≈ 4000 can be attributed to splashing be-
haviours only occurring on one side of the cavity, and reducing the total number
of droplets formed from the impingement.

Fig. (4.11), supports the estimation of KC(V n) = 4000 being the boundary
between one-side and both-sides splashing, with the statistical analysis giving
a point of equal probability at KC(V n) = 3969

Returning to Fig. (4.9), the relationship from Okawa et al. [10] for the num-
ber of secondary droplets, Eqn. (4.3), is plotted in blue in Fig. (4.9). As is
evident, it matches well with results for higher values of KC(V n) > 3 × 106,
although does slightly underestimate compared to our experimental data. This
may be attributed to the film motion increasing droplet production on the up-
stream side of the cavity by enhancing the size of the crown, as observed by
Alghoul et al. [17], and allowing more droplets to be produced from this larger
crown.

However, as previously noted, for points below K1.8
C(V n) = 3×106, the agree-
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(a) Splashing from the upstream side of the crater

(b) Splashing from the downstream side of the crater

Figure 4.10: KC(V n) against δ chart for splashing on the upstream and down-
stream sides of the crown, showing that crown splashing is not observed on
both sides until KC(V n) = 4000
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Figure 4.11: Probability of symmetric and asymmetric splashing across the
range of KC(V n)

ment begins to deteriorate, therefore a new relationship was required for this
low K regime, where splashing may be observed on only a single side of the
crown, to accurately describe the number of droplets produced, and provide a
correlation for CFD modelling.

Firstly, it was necessary to determine the form of the equation. It was noted
that the empirical relationship from Okawa et al. [19] predicted secondary
droplet production even for values below the splashing threshold. Consider-
ing this situation logically, no droplets should be formed below the point on
Fig. (4.2b) where the probability of splashing reached zero (KC(V n) = 1300),
it was decided to include this critical value in the equation. Furthermore, as
there appeared to be a curve in the K1.8

C(V n) domain, the exponent was set as
a variable and fitted. This gave the form shown in Eqn. (4.4).

Nsd · δ−0.3 = a
(
KC(V n) − 1300

)b (4.4)

Curve fitting gave empirical values of a and b as 3.47×10−7 and 2.34 respec-
tively, and shows a good level of agreement with the data in the low-K regime.
Furthermore, this model avoids predicting the production of droplets below the
threshold for splashing. Therefore, this empirically derived model can accu-
rately predict the number of secondary droplets within the low-K regime, and
may prove useful in future CFD software.
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Figure 4.12: Secondary droplet sizes against time of formation compared to
the data from Cossali et al. [20]

4.3.2 Secondary Droplet Properties

Alongside the number of droplets produced, to understand the mass transfer
within a bearing chamber it is also desirable to characterise their properties.
Perhaps the most relevant to bearing chamber conditions out of these prop-
erties are the size and speed of the secondary droplets. Previous authors
[20, 73] have endeavoured to characterise the droplet size for static films, how-
ever it is desirable to experimentally validate these correlations for moving-film
impingements. To ensure they provide an accurate representation of moving-
film impingement behaviours.

As discussed in more detail in Section 3.4, droplet sizes were determined
manually, and the frame recorded to calculate the time of formation ( Tsd).
These values could then be plotted against the results of static film experi-
ments from Cossali et al. [20], as shown in Fig. (4.12). A reasonable level of
agreement is shown for lower values of τsd, with a slight deviation at higher
values of τsd, this is not unanticipated considering the extra kinetic energy of
the moving film, and observations literature [17] which observed a larger crown
on its upstream side, when compared with static-film work.
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Figure 4.13: Nondimensional size of secondary droplets against dimension-
less time of formation separated by splashing type. The line of best fit is de-
scribed by the equation shown.

Figure. (4.13) plots the dimensionless secondary droplet diameter from our
experiments against the time of formation, nondimensionalised in the form
τ = TsdVd/D with error bars showing 95% confidence intervals. The data is
either plotted as individual points, or a mean value with error bars if secondary
droplets were observed for 6 out of the 10 repeats performed at each condi-
tion. The data is sub-categorised by both impinging droplet diameter and the
splashing mechanism. Examining these subcategories, it is immediately obvi-
ous that each splashing mechanism populates a certain region of the graph.
This shows an overall trend for an increase in droplet diameter, and that prompt
droplets are typically only observed at the early time, as suggested from anal-
ysis of the inverse bond number by Zhang et al. [23]. Progressive droplets are
predominantly within the range of 2 < τ < 8. Finally, recessive droplets are ob-
served at the latter end of the timescale, at the transition from crown expansion
to contraction.

Examination of the graph also provides quantitative confirmation of the qual-
itative observations of secondary droplet size. Prompt droplets are the small-
est, residing in the range of 0.2 times the diameter of the impinging droplet.
Progressive droplets are in the range of 0.1 − 0.3 times the droplet diameter,
and recessive droplets being the largest, with typical sizes ranging between
0.2− 0.4 of the droplet diameter.

For CFD simulations, it is desirable to be able to predict the size of sec-
ondary droplets produced from an impingement. Therefore, a curve was fitted
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Figure 4.14: Secondary droplet velocity against dimensionless time of forma-
tion separated by primary droplet diameter

to the data, based on the form proposed by Cossali et al. [73] for the average
secondary droplet size for normal impingements upon static films.

Dsd

D
= a · τ bsd (4.5)

Through curve fitting to the empirical data, values of a and b were found to
be a = 7.84×10−2±3.26×10−3 and b = −0.64±0.03 to 95% confidence interval.
Examining this fitted curve, it accurately describes the centre of the data spread
for the full range of droplet diameters and angles within the experimental range.
This provides a useful range of droplet sizes to use in simulations of bearing
chambers.

Figure. (4.14) shows a similar graph of dimensionless secondary droplet
velocity against dimensionless time of formation. This form of nondimensional-
isation was chosen due to previous work from Stow and Hadfield [5].

Previous work [41] has suggested that the crown diameter can be expressed
as a function of τ (0.5). Logically, the secondary droplet velocity should be at
least partially related to the speed of crown expansion, so by differentiating this
exponent from the position domain in to the velocity domain, we would expect
that secondary droplet velocity is likely a function of τ (−0.5).

Therefore, an attempt was made to curve-fit the velocity of secondary droplets
based on the form below:

Vsd/Vd = (c) · τsd (−0.5)
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and the best fit obtained from our empirical data is:

Vsd/Vd = (1.26± 0.00924) · τsd (−0.5) (4.6)

The three types of splashing appear to present a continuous curve, rather
than being subdivided granularly into distinct regions, however it is still pos-
sible to establish typical velocity ranges for each behaviour. Prompt droplets
typically have greater velocity than the primary droplet, with 1 < V/Vsd < 2.5,
Progressive droplets have velocities in the range of 0.5 < V/Vsd < 1.5, and
recessive droplets have a velocity range of 0 < V/Vsd < 1.

Summary of Droplet Properties

This section has investigated the number of secondary droplets and their sizes
and velocities compared to their time of formation. A series of correlations
have been derived to this effect, describing the secondary droplet properties
for droplet impingements upon moving films for the first time.

The number of secondary droplets formed has been related to the splash-
ing parameter KC(V n). For higher values (KC(V n) > 4000) a reasonable level
of agreement was found with the correlation from static film experiments by
Okawa et al. [10]. For lower values, a new curve has been derived, which
avoids falsely suggesting droplets were generated below the lower limit of
crown splashing. Evidence is presented that suggests this low-K regime is
due to splashing behaviours only being observed on one side of the crown.

4.4 Concluding Remarks on Droplet production

This work has shown that impingement outcome transition values for static
films are remarkably close to those on moving films, this has been achieved by
implementation of statistical methods which are novel in this field.

Four distinct types of crown splashing have been identified and charac-
terised these have also been shown to produce droplets with consistent char-
acteristics, at specific timescales. The quality and size of secondary droplets
has been quantified and enhancements have been made to static film models
to more accurately represent moving film impingement behaviours.

This supports the CFD modelling of bearing chambers by outlining condi-
tions under which secondary droplets are formed, and then the number, size
ranges and velocities of these droplets. This allows greater understanding of
the key challenges of bearing chamber design; mist generation, which causes
parasitic losses to increase, and of mass transfer between the droplet and the
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walls, which has significant implications for cooling and mixing of the oil film on
the wall, and in turn affect oil degradation and coking.

Whilst agreement with static film correlations was found for both the splash-
ing boundary, and the number of secondary droplets produced at high val-
ues of K, this work has used several novel methods to specifically understand
moving-film impingements; including finding a lower limit of splashing, and fit-
ting the splash probability to a cumulative probability curve. This allowing the
number of droplets produced for lower values ofKC(V n) to be related to splash-
ing only occurring on one side of the crown.
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Chapter 5

Crown and Cavity
Development

The production of secondary droplets is an important characteristic of droplet
impingements; however, it is desirable to understand the movement of the film
and droplet material. In this chapter the development of post-impingement
cavities formed from water droplets impinging vertically on water films flowing
at an angle of 10 ◦ to horizontal and exhibiting supercritical flow behaviours
is described. Particular attention is paid to the depth and width of the cavity
and crown, as this is likely to affect heat and mass transfer within the bearings.
These dimensions are defined in Fig. (2.27).

Furthermore, extensions to an existing analytically derived models are pro-
posed, and the new model is compared to experimental data for validation.

The spreading of droplet material after the impingement will be compared
to existing literature for solid surface and static film impingements.

This section investigates:

• Cavity development

• Crown morphology, including the differences upstream and downstream.

• Crown development and modelling both parallel and transverse to the
flow (the crown length and width respectively)

• Crown modelling in the upstream and downstream directions

For the sake of brevity, nominal droplet sizes will be used in the course of

this discussion, as defined in section 3.4.2.
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5.1 Comparison of BB-LIF and Side-View Data

Before considering the development of the crown and cavity in detail, it is use-

ful to understand how to interpret the BB-LIF images. A sample sequence is

shown in Fig. (5.1). As can be seen in Fig. (5.1a), the brighter regions of the

BB-LIF image correspond well to the crown formed around the impingement

site, whereas darker regions correspond to the cavity under the impingement

site.

(a) (b)

(c) (d)

Figure 5.1: Comparison of BB-LIF data to side-view images, Colour-bar show-
ing height in mm for the lower (plan view) image

Furthermore, whilst it is possible to create 3D surfaces from this data, the
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BB-LIF technique breaks down in areas of high curvature, therefore as shown

in Fig. (5.2), the utility of these images is limited, as the crown height is not

properly represented. Therefore, whilst it is possible to examine the crater in

three dimensions; we cannot accurately measure the height of the crown, and

therefore can only investigate the crown diameter. Whilst undoubtedly incon-

venient, this behaviour is a well understood limitation of the BB-LIF technique,

and has been discussed extensively in prior literature [82, 44, 35].

Figure 5.2: Sample 3D image from the BB-LIF data, showing erroneous read-
ings within the crown due to internal reflections. Colour-bar showing height in
mm
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5.2 Development of Cavity Shape

Droplet production has been shown in previous works [113, 114], to exhibit a

dependence on surface roughness and waves. One of the major causes of sur-

face disturbances within bearing chamber wall films is the cavities produced by

interactions of previous droplets. Therefore, it is desirable to understand cav-

ity dynamics for impingements on moving films, and the differences between

this scenario and static film understanding. As explained within the literature

review (2.4.2, 2.4.4), the lifecycle of a cavity for static film impingements is well

understood, and several models exist which approximate the cavity diameter

for static films. However, it is not clear if these models can be related to im-

pingements upon moving films, where additional factors, such as the momen-

tum and inclination of the film must be accounted for. Therefore, it was decided

to undertake an investigation into cavity mechanics using both qualitative and

quantitative methods.

5.2.1 Cavity Dynamics

From static film theory, it is anticipated that in the initial stages, the cavity will

expand as the droplet inertia is transferred into the fluid. It appears that this

behaviour also occurs for droplet impact on moving films.

Figures 5.3 and 5.4 are each two sequences of instantaneous BB-LIF im-

ages showing false-coloured height data for droplet impingements at various

values of droplet Weber number (Wed), and dimensionless time (τ ). Fig. 5.3a-

d shows 2 mm droplets at Wed = 123.7 and e-h at Wed = 248.4. Figure 5.4a-d

shows 3 mm droplets at Wed = 88.9 and e-h at Wed = 257.0. Both sets of im-

ages are for the most similar values of δ available within our dataset. Although

a δ dependency has been observed within prior literature, this has been shown

to have a significantly smaller effect on cavity dynamics than the properties of

the impinging droplet [44, 43].

Initial examination shows behaviour very similar to that exhibited by static-
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film impingements in that the cavity width increases with time, before collapsing

upon itself. Interestingly the larger droplets of Fig. 5.4 produce larger cavities

(note that both X and Y in these figures are nondimensionalised against droplet

diameter) than the smaller droplets of Fig. 5.3, even when at similar Weber

numbers (compare Fig. 5.3e-h to Fig. 5.4e-h). This suggests that the nondi-

mensionalisation of the cavity diameter against droplet diameter does not fully

account for the effect of droplet diameter upon cavity expansion. However, ex-

amination of Fig. 5.3d,h and Fig. 5.3d,h shows that for each value of Weber

number, the cavities are at similar stages of collapse for the same value of τ ,

this validates for moving films an observation made by Hann et al. [44] for static

film impacts, that the time taken for cavity collapse is a function of the droplet

Weber number.

Increasing the droplet Weber number increases the collapse time of the

cavity no matter the droplet size. This is despite the cavity being larger at

larger droplet sizes. This can be seen comparing Fig. 5.3e-h to Fig. 5.3e-

h, for higher values of Wed the cavity persists until higher values of τ . For

the early stages of the impingement (τ = 3) it is noted that the cavity is very

symmetrical in the upstream and downstream directions. This is in the region

where the cavity expansion is driven by the pressure or the droplet impact.

However, at later values of τ , when the expansion of the cavity is driven by

the inertia of the film, a distinct asymmetry is visible in the cavity, for example

Fig. 5.3f shows that the cavity is distinctly longer in its X axis, than the Y axis.

Furthermore, comparing the footprint of the cavity (blue) and the crown (red),

most cases show the crown extending further away from the centre of the cavity

in the downstream direction (right), than in the upstream direction (left).

In the initial stages of cavity development, shortly after the pressure-dominated

regime, minimal waviness is observed on the rim of the cavity. However, as τ

increases, the outside edge of the cavity appears much less consistent, partic-

ularly for the larger droplets, at high values of Wed.
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Figure 5.3: 2 mm Droplet Impingements, δ = 0.75.
Colour-bar showing height in mm

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 5.4: 3 mm Droplet Impingements, δ = 0.71.
Colour-bar showing height in mm
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Examining the base of the cavity, the consistency of the blue colour, for

example in Figs. 5.3g, 5.4g shows that there is flattening of the base, similar to

that observed by Macklin and Hobbs [63]. However looking at the downstream

side of this flat region, for example in Figs. 5.3g, 5.4g typically the curvature is

much less severe than on the upstream side, suggesting that the film motion or

inclination is having an effect on the cavity collapse. A side profile of a cavity,

showing these wall-effects is shown in Fig. (5.5)

Figure 5.5: Side profile of cavity, exhibiting flattening as it approaches the base
of the channel

5.2.2 Cavity Development

Previous authors have shown [115, 116, 117, 113] that the surface roughness

and prescience of waves on the target surface has a distinct effect upon the

production of droplets. Within a bearing chamber, it expected that the cavities

formed from previous impingements will be one of the major causes (alongside

the shearing airflow) of surface undulations on the wall-film. As droplet pro-

duction is understood to be a major cause of parasitic losses caused from the

bearing, greater understanding of cavity prorogation is desired to support bear-

ing chamber design and optimisation. Therefore, it is desirable to understand

the development to the cavity with time. Although previous authors have pos-

tulated models for static films, no attempts have been made to validate these

for moving film impingements.

As it was desired to measure the width of the cavity, it was decided that a
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method to visualise the cavity development like that used by Hann et al. [44].

To this end, the Width-Time diagrams shown in Figs. (5.6, 5.7) were created.

These figures were created by taking a single column of pixels from the centre

of the cavity from each frame. These columns could then be composited to-

gether to give an image showing the of the cavity width against time. The extent

of the cavity could be determined by manipulating and scaling this image.

The model from Roisman et al. [42],

Ω =
√
β(τ − τ0)− f(τ − τ0)

is plotted. This model relates the cavity growth and recession to an expansion

term (β) and a retraction term (f ) shown in Eqn. (2.23), relative to the dimen-

sionless timescale τ = tVd/D. Throughout the literature, several forms for

expansion term (β) have been proposed, within the figure, the original deriva-

tion of βrois = 0.62δ0.33, is shown in black. And the derivation from Hann et al.

[44] of βHann = 3.1 ·We−0.37
h + 0.19, is shown in white.
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Figure 5.6: 2 mm Droplet XT diagrams when β = We−0.13
d /

√
δ. Colour-bar showing height in mm
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Figure 5.7: 3 mm Droplet XT diagrams when β = We−0.13
d /

√
δ. Colour-bar showing height in mm
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Comparing these models with the extent of the crater (in blue), it is evident

that both derivations provide a reasonable fit for the 3 mm droplets of Fig. (5.7)

for the higher Weber number experiments. However, these models begin to de-

teriorate for both the lowest Weber number impingements with 3 mm droplets.

Furthermore, most of the experiments with 2 mm droplets show a poor fit with

either of these two relationships. This can be attributed to both experiments

only using one droplet size for impingements conducted with distilled water.

Since the primary droplet sizes chosen by both Roisman et al. (3 mm) and

Hann et al. (3.5 mm) correspond well to the size of our 3 mm droplet, the

accuracy of their predictions is unsurprising. However, the deviation for 2 mm

droplets suggests either a previously uncharacterised dependency on droplet

diameter, or a mischaracterisation of the Weber number dependence which

becomes more evident for lower values of Wed. It is also reasonable to expect

some dependency on the ratio of droplet Weber number to dimensionless film

height, as for thin films the cavity will begin to experience wall effects as it

approaches the base of the channel.

Therefore, a need for a new relationship between the experimental parame-

ters and the contraction term (β) is required. Therefore, the crater widths were

determined using thresholding, and then the β values determined using curve

fitting. These values could then be plotted against key nondimensional groups

related to the impingement; previous works [43, 44, 42] have suggested that

β is related to both the properties of the impinging droplet, and the base film,

and can be expressed as a function of the Wed & δ. Therefore, initially it was

decided to plot in β against Wed, as shown in Fig. (5.8). From this several

factors are evident;

• β is inversely proportional to Wed

• There is an undefined dependence on film height

• There is an undefined dependence on droplet diameter

The dependencies on film height and primary droplet diameter may be ac-
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Figure 5.8: Cavity width expansion coefficient (β) compared to
droplet Weber number Wed

counted for by using dimensionless film height (δ). This approach has been pro-

posed by Van Hinsberg et al. [43] in the form βHinsberg =
(

23.3
Wed

+ 0.5
)
δ−0.33

and by Hann et al. in the form βHann = 3.1 ·We−0.37
h +0.19. In the case Hann et

al., Weh is defined as Weh = Wed · δ. This gives Fig. (5.9), which shows a dis-

tinct dependency on droplet diameter and film height within the datasets, which

is not suitably nondimensionalised by this form. Therefore, it was decided to

separate the components of Weh, into Wed and δ with the aim of finding a re-

lationship with better performance across the range of droplet diameters and

film heights.

This resulted in Fig. (5.10), which plots Wed against β ·
√
δ. Whilst previous

authors have proposed that β is a function of Wed, droplet diameter, and Hf ,

there is no established consensus on the correct form of this relationship. The

relationship proposed on this work was found by optimising to give the highest

R2 value to the fit. Evaluating this from a physical perspective, the dependence

upon Wed is well founded in the literature [42, 44, 43], and the dependence

on δ is due wall effects caused by the channels base influencing the cavity

development. This relationship seems to nondimensionalise well for droplet

diameter, and reasonably well for film height. In this form, three curves were
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Figure 5.9: Weh against β. showing multiple datasets, and an unresolved
dependence on primary droplet diameter (D) and film height (hf )

fitted, for each individual droplet diameter, as well as the entire dataset. Initially

the fit was performed in the form β ·
√
δ = a ·Webd. However, this showed the

values of a for each droplet diameter to both be within 95% confidence intervals

of 1.

Fitting for β ·
√
δ = Webd gave values for the exponent, b, for each droplet di-

ameter (2 mm and 3 mm) almost within 95% confidence intervals of each other

(−0.137 ± 0.019,−0.128 ± 0.019). Indicating a reasonable nondimensionalisa-

tion for the two droplet diameters. Therefore, the average of these was taken

and the form of β shown in Eqn. (5.1) is proposed;

βMitchell =

√
δ

We0.132
d

(5.1)

This form shows a dependence on both the impinging droplet properties

(Wed) and the dimensionless film thickness δ. Whilst this form was chosen

by analysis of the empirical data, rather than analytical consideration of the

problem, it is precedented by the work of Van Hinsberg [43], who also related β
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toWed and δ. The dependence onWed is obvious, relating the cavity dynamics

to the velocity and kinetic energy of the impinging droplet.

However, the dependence on δ is somewhat more complex. It is suggested

that this dependence reflects a rough approximation of the wall effects interfer-

ing with the cavity expansion; and that for impingements on thinner films, the

cavity is unable to expand downwards fully, causing localised pressure build-

up which redirects the cavity expansion sideways, in a manner reminiscent of

a droplet impinging upon a solid surface. All these aspects change the ratio of

expansion and contraction forces acting upon the cavity, and hence their inclu-

sion in β. The final advantage of this form is that it is shown within the present

study to accurately model the impingement of droplets of varying diameters.

Figure 5.10: Wed against β ·
√
δ, showing collapse onto a single line for the

values of β from moving film experiments

Plotting the Roisman at al [42] model with of βMitchell in Figs. (5.6, 5.7),

shows a reasonably accurate prediction of both the 2 mm and 3 mm droplets

across the full range of Weber numbers. Although when we examine perfor-

mance across the range of δ values, we do see slight deterioration at the high-

est values of δ. Overall, an increase in accuracy is observed for the experimen-

tal range compared to both previous models, and specifically an improvement

in the prediction of cavity dynamics with 2 mm droplets compared to previous
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models.

Examining our correlations, βrois typically over-predicts for higher values of

dimensionless film height (δ), and βhann often over-predicts at low values of δ.

However, this new form seems less sensitive to variations in δ, and provides

a more accurate representation across the range of film heights compared to

these previous models.
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5.2.3 Droplet Spreading

Oil degradation within an aero-engine is a major cost occurred by airlines.

Whilst it is necessary to provide correct lubrication and cooling, to ensure a

high level of reliability, it is also desirable to reduce capital and environmental

burdens occurred by the frequent replacement and disposal of aero-engine lu-

brication. Repeated heating and cooling cycles are understood to be one of the

main causes of oil degradation within bearing chambers. As the cool droplets

impinge on the hot film, it is desirable to understand the interfacial area, which

is a key parameter in heat transfer between the two objects. Therefore, it is

desirable to understand the spreading of droplet material within the cavity as

this allows insight into the mixing and heat transfer between the droplet and

film.

Previous authors [44] have suggested that the spreading of droplets within

the cavity for static films can be modelled using the solid surface impingement

model from Roisman et al. [6] as shown below:

hL =
η

(τ + τi)2
exp

[
− 6ηr2

(τ + τi)2

]

Where:

• hL is the height of the lamella

• η is a constant estimated as η = 0.39 by Roisman et al. [6]

• t is time

• τ is the inverse of the initial gradient of the radial velocity estimated as
τi = 00.25 by Roisman et al. [6]

• r is the radial location.

Therefore, the extent of the droplet spread is plotted against the Roisman

model in Figs. (5.11, 5.12). Examining these figures, it is evident that the Rois-

man model provides a reasonable description of the droplet spread in the early

timescale until τ = 2.5. After this stage there is significantly more variance in

5.2. Development of Cavity Shape 137



5

Antony Mitchell University of Nottingham

Figure 5.11: Droplet Spreading within the cavity against the model from Rois-
man et al. [6] for D = 2 mm

the spread. It is suggested that after this time period, the spread of droplet

material is more driven by the cavity drag on the droplet material.

This shows a high level of comparability between droplet impingements on

solid surfaces, static films, and moving films. And validation of the Roisman et

al. [6] model as an early-time solution for droplets spreading on moving films.

This provides useful insight which will aid in CFD heat transfer simulation within

the bearing chamber.

Alongside the droplet spreading, it was observed that interfacial mixing be-

tween the droplet and film could be seen within some of the images. As can

be seen in Fig. (5.13), at later timescales, tendrils of fluid are visible upstream

of the cavity, indicating mixing in the slower-moving layers of film close to the

base. This is anticipated, as comparison of the values of Red and Wed to the

regime map from Agbaglah et al. [29] [reproduced as Fig. (2.33)] places our

experiments firmly within the vortex shedding regime. This indicates that the

LIF technique could be appropriate for investigating the conditions under which
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Figure 5.12: Droplet Spreading within the cavity against the model from Rois-
man et al. [6] for D = 3 mm

mixing occurs in a future study.
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(a) t=0 s

(b) t = 0.008 s

(c) t = 0.016 s

(d) t = 0.024 s

(e) t = 0.032 s

(f) t = 0.040 s

(g) t = 0.048 s

(h) t = 0.056 s

Figure 5.13: Dye-trails indicating interfacial mixing between the droplet and
film
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5.3 Crown Development

Within the highly rotating environment of a bearing chamber, strong shearing

airflows have been previously shown [118] to be a major cause of droplet pro-

duction from the film. As droplet impingements and their resultant structures

are not immune to these shear forces [72], there is concern that these may be

a mechanism of oil atomisation. Atomised oil is a key aspect in parasitic wind

age losses, and pollutant emission. Therefore, an understanding of crown de-

velopment is key in tuning bearing chamber design to minimise these issues.

Previous literature [19] has shown that the crown is asymmetrical when

the droplet impinges at an angle, furthermore early moving film experimenta-

tion [17] has also observed uneven crown production. This section describes

crown morphology and its relationship to the ratio between film speed and the

component of droplet velocity parallel to the flow. Furthermore, development of

the crown with time is investigated in directions parallel and normal to the film

flow, and compared various against models for static and moving films.

5.3.1 Crown Morphology

(a) Upstream Skew (b) Neutral (c) Downstream Skew

Figure 5.14: Types of Crown Skew (film flowing left to right)

Examination of the crown morphology revealed that the crown seemed to

tend towards three different shapes, as shown in Fig. (5.14): a shows the crown

being significantly enhanced on the upstream direction, b shows the crown

developing evenly on both sides, and finally c shows the crown being larger

and forming droplets on the downstream side. This is consistent with existing

literature; Okawa et al. [10] observed crown-enhancement on the upstream
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side. These experiments were performed on near horizontal films, with a very

slow rate of movement. Conversely, Che et al. [119] investigated impacts on

highly inclined and fast-moving films. This resulted in the downstream side

of the crater being enhanced, rather than the upstream. Before discussing

this, it is useful to develop a nomenclature for the various velocity components,

these are shown in Fig. (5.15). Vd is the absolute droplet velocity, and Vf is

the absolute film velocity relative to the high-speed camera. Vn is the droplet

velocity component in the plane perpendicular to the film, and Vt is the droplet

velocity component in the plane parallel to the film.

Figure 5.15: Diagram showing velocity components between the film and
droplet

Due to the conflicting reports of crown skew in the existing literature, it was

decided that further investigation was warranted. We started with Fig. (5.16),

which figure compares the crown skew, determined by the maximum crown rim

height on the upstream and downstream sides, against the film velocity, and

the droplet velocity parallel to the film, calculated as Vt = Vd · sin(θ).
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Figure 5.16: Upstream and Downstream splashing plotted against the ratio of
droplet and film velocities

Examining Fig. (5.16), it appears that the transition between upstream and

downstream splashing is reasonably demarcated by the point where the Vf is

equal to the Vt. This is not unexpected, as this correlates to the relative velocity

between the droplet and the film, in the plane parallel to the film being equal

to zero. This also explains the occurrence of symmetric crowns, occasional

observed when VFilm ≈ VD · sin(θ), as from the perspective of the film, the

droplet is impinging normally with no relative transverse velocity.

Fig. (5.17), shows the transition between upstream and downstream skew.

This is created using similar principles to those in Fig. (4.2). The probability is

calculated by dividing the Vf/[Vd · sin(θ)] domain into increments of 0.2, and

calculating the probability of downstream skew within each increment. A curve,

as described by Eqn. (5.2), could then be fitted to the data using the curve

fitting toolbox in MATLAB. In this equation, CPF is a cumulative probability

function, Vf and Vd are film and droplet velocity respectively, and a and b are
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fitting constants.

Examining the results, we find that the point where curve is centred (de-

noted by a in the figure) is at Vf/[Vd ·sin(θ)] = 1.02, and that Vf/[Vd ·sin(θ)] = 1

is within the standard error of estimate for the fit. Therefore, this indicates that

the point of equal probability for either an upstream or downstream outcome is

when Vf and (Vd · sinθ) are almost exactly the same, and supports the view

that the transition between each behaviour is primarily dependent on the ratio

of Vf and (Vd · sinθ).

P (outcome) = CPF

(
([Vf/(Vd · sinθ)]− a)

b

)
(5.2)

Figure 5.17: Probability of upstream and downstream splashing plotted
against the ratio of droplet and film velocities

Maximum Crown Size

When making comparisons to static film studies, it is important to remember

that the crowns observed in this study are largely asymmetrical. Whilst previ-
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ous works have typically expressed the dimensionless crown radius as R∗c , for

this study, we will divide this into two components; the length from the centre

of the cavity to the crown-rim in the direction of film flow will be identified as

ξl, and in the direction transverse to the flow, the width, the distance from the

centre of the cavity to the crown-rim will be denoted by ξw.

Figure. (5.18) shows the maximum crown radius against the droplet Reynolds

number. From this a linear increase with Red is observed until Red = 7500 at

this point the maximum width begins to deviate from this linear pattern and level

off. This is made apparent by the line, fitted to all values belowRed = 7500. This

gives an expression for maximum crown width, shown in Eqn. (5.3).

ξw(max) = 3.63× 10−4 ·Red + 0.243 : forRed < 7500 (5.3)

Figure 5.18: Maximum Crown width against Red

One suggestion to explain this behaviour is that above Red = 7500, is the

crown height is increasing with Red rather than the width, and this height in-

crease eventually results in the bubbling behaviours such as those observed by
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Worthington [4]. An example of this is seen in Fig. (5.19). a shows a wide, low

crown at Red = 5998, however b shows a crown with only a marginal increase

in length, but a dramatic increase in height as Red increases over the 7500

value. However, more work is required to fully understand this phenomenon.

The observed correlation for crown width allows easy approximation of the

affected area of film in CFD simulations by relating the maximum crown size to

the impinging droplet characteristics.

(a) (b)

Figure 5.19: Comparison of crown heights at Red = 5998 and Red = 9750
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5.3.2 Crown Modelling

The ability to accurately model the crown will allow simplification of complex

CFD modelling, reducing computational expense and design turn-around times,

leading to a faster design cycle. This is advantageous in a highly competitive

and tightly legislated environment such as aero-engine production.

Whilst we have previously stated that the crown of a moving film cannot be

considered as a radius, due to its asymmetrical nature, we can still compare the

crown length and width to radius models from static film literature. This allows

us to determine if current understanding can accurately represent moving film

impingements across a range of experimental conditions. However, to achieve

this, we must first define our terminology and assumptions. Firstly, measure-

ments of the dimensionless crown distance have been taken from the centroid

of the cavity, determined as the median coordinate of the thresholded image. A

new coordinate system is shown in Fig. (5.20). We assume that, in the direction

across the flow (the width) the crown is symmetrical, such that Width = 2 · ξw.

However, in the direction parallel to the flow (length), the asymmetry of the cav-

ity must be considered, therefore the length is evaluated to be the sum of the

upstream and downstream components, Length = ξl,u+ξl,d. When discussing

correlations from literature, R∗c will be used to denote correlations from static

film literature, and ξ when discussing new modifications.
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Figure 5.20: Crown Schematic

Modelling of Crown Width

For static films, Roisman et al. [41] suggest the crown diameter may be ex-

pressed as:

R∗c =

[(
3δ

2

)−1/4

×
√

(τ + τ0)

]

where: R∗c is the dimensionless crown distance, τ is dimensionless time, δ

is the dimensionless film thickness and τ0 is a dimensionless constant based

on the film height, and τ0 = (1/
√

24δ)− 1.

Furthermore, for moving films, Gao et al. [45] proposed the form shown in

Eqn. (2.16).
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R∗c = βgao
√
τ +

1√
6δ
−
(

1

3δ
− 1√

6δ

)1/2

βgao =

(
2λ2

3δ

)1/4

λ =
0.53

Re−0.02
d ×We0.03

d × Ū−0.26
f × δ0.12

where:

• R∗c is the dimensionless crown distance (r̄c = rc/D)

• τ is the dimensionless time (τ = tU/D)

• Ūf is the velocity ratio (Film Velocity/Droplet Velocity)

• δ is the dimensionless film thickness (hf/D)

Figure. (5.21) Shows the development of the crown width against the ana-

lytical static film model from Roisman et al. [41]. It was found that for the width,

the crown expanded identically in each direction, which one would expect, con-

sidering that this direction is perpendicular to the filmâĂŹs momentum. Initial

examination shows a reasonable correlation against the experimental data in

the early time period, for both impinging droplet diameters. However, as time

goes on more deviation is noted, especially at higher values of Wed. From

this it was suggested that the 3/2 constant in Eqn. (2.15) could be changed by

fitting to the conditions to more accurately model the cavity width.
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(a) 3 mm impinging droplets

(b) 3 mm impinging droplets

Figure 5.21: Crown propagation against the model from Roisman et al. [41]
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To develop this model, the value of the 3/2 term is set to a variable as shown

in Eqn. (5.4), and fitted using the inbuilt curve fitting functions in MATLAB. From

this it was found through analysis of the empirical data that the values could

be expressed by a straight line when nondimensionalised in the form Wed/δ,

shown in Fig. (5.22). A curve was then fit using native Matlab curve fitting,

giving Eqn. (5.5). It should be noted that the lowest values of Wed have been

omitted due to the lack of crown formation at these conditions.

ξw = (a · δ)−1/4 ·
√
τ + 1/

√
24 · δ − 1 (5.4)

Figure 5.22: Fitting for the a term from Eqn. (5.4) against Wed/δ

a = 0.01048 · (Wed/δ) + 2 (5.5)

This improved version of the model can now be compared to the experimen-
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tal data, Figs. (5.23, 5.24) show the data for crown width against the original

model from Roisman et al. [41], the model form Gao et al. [45], and the newly

derived model expressed in Figs. (5.4, 5.5). Whilst this model was empirically

derived, the relationship seems physically reasonable, as the impinging droplet

properties (in Wed) are obviously related to the crown dynamics, and film thick-

ness has already been shown to effect cavity development.
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(d) (e) (f)

Figure 5.23: 2 mm Impinging droplets against crown model
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(d) (e) (f)

Figure 5.24: 3 mm Impinging droplets against crown model
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Examining the data, it is evident that the Roisman model consistently over-

predicts the cavity width, which may be due to the film motion inhibiting cavity

development in this direction. Furthermore, whilst in some situations the model

from Gao et al. [45] gives reasonable results, this generally deteriorates at

longer timescales. This is not unforeseen, as the model was specifically de-

rived for values of τ < 6.

The newly derived model gives reasonable fits across the range of con-

ditions, generally intersecting the maximum value. For Wed < 400 the model

also provides an accurate description of the crown development with time, how-

ever at higher values of Wed the model appears to under predict for the earlier

stages of crown propagation. Overall, the new model does appear to more-

accurately predict the crown development than either of the existing models

achieve.

Cavity development on the Upstream and Downstream sides

Alongside the development of cavity width, it is desirable to understand de-

velopment of the cavity length, and specifically the differences in the upstream

and downstream directions. Observation of Figs. (5.3, 5.4) show that the crown

extends further in the downstream direction, whilst the upstream side of the

crown extends less far, but is noticeably higher for impingements of 10 ◦ in-

clined films. When the crown length and width are considered, it is noted that

the crown appears to be larger in the direction parallel to the flow, than when

perpendicular to the flow. This is confirmed by measurements of the width and

length, a sample of which are shown in Fig. (5.26).

As Figs. (5.3, 5.4) show that the crown propagation is different in the up-

stream and downstream directions, it was decided to investigate these two

properties separately. The extent of the crown in each direction was measured

from the cavity centre. Comparison of these distances showed that the crown

propagated noticeably faster in the downstream direction than the predicted by

the width model. Conversely, the upstream propagation was noticeably slower
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Figure 5.25

Figure 5.26: Development of crown in upstream and downstream directions,
showing a typical result

than predicted by the width model.

It was found that by manipulating the velocity form in the dimensionless

time-scale τ into the form τm = t · (Vd − Vf ) /D allowed a reasonable fit, with

the data collapsing on to a single line for both upstream and downstream. Fur-

thermore, across many of the conditions this line was reasonably described by

the model previously developed for width, as shown in Figs. (5.27, 5.28).

It should be remarked that there is a deviation observed at lower values

of Wed, however this is a result of difficulty detecting the crown from the LIF

images due to its small size. At higher values of Wed, there is reasonable

agreement with the width model for both 2 mm and 3 mm droplets across a

range of film conditions. Furthermore, the experimental work used to derive

this timescale is performed on a near-orthogonal set-up, where the channel

inclination is 10 ◦. It is possible that for more severely inclined experiments,

this τm form may not accurately predict the development of the upstream and
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downstream sides of the crown, as for 10 ◦ impingement, the velocity compo-

nent parallel to the film is very small. Hence, more work is required to validate

for more steeply inclined conditions.
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Figure 5.27: Upstream and downstream crown development against width model
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Figure 5.28: Upstream and downstream crown development against width model
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5.3.3 Conclusions of crown and cavity development

Within this chapter, a first examination into crown and cavity dynamics has

been undertaken using the BB-LIF technique. This work represents a signifi-

cant contribution to knowledge and understanding of post impingement mass-

transfer, with several correlations proposed to facilitate more efficient CFD

modelling of bearing chambers.

The cavity width was matched to a model from static film experiments, and

a modification proposed to more accurately represent the expansion phase

for moving film impingements. Furthermore, spreading of the droplet within

the cavity was found to follow spreading behaviours observed for solid-surface

impingements at early timescales, and to be driven by cavity expansion at later

stages. This has important implications for and mass transfer modelling within

the bearing chamber, specifically regarding the size of the interface between

the droplet and film.

The crown was found to tend either upstream or downstream, and this could

be related to the ratio of film velocity, and the component of droplet velocity in

the plane of film flow.

Crown expansion was compared to the analytically derived model from Ro-

isman et al. [41], reasonable agreement was found with the model, however an

improvement to it was made by including a dependence on Wed and δ. This

significantly increased performance at higher values of Wed. The model from

Gao et al. [45] performed better in the early stages of cavity propagation, but

tended to severely underestimate the crown expansion at later times.

Alongside the width, the crown extent in the upstream and downstream

directions was found to be related to the film speed. By modifying the di-

mensionless time-scale to include a dependence on film speed in the form

τm = t · (Vd ± Vf ), the improved width model could be used to accurately

represent to expansion in the upstream and downstream directions. This is a

unique factor, which to the authors’ best knowledge has not previously been

investigated either experimentally or computationally.
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Chapter 6

Conclusions

Within this chapter the main conclusions of the work are collated, the contribu-

tion to knowledge is stated, and directions for possible future work is discussed.

6.1 Summary of Main Findings

The aim of this work was to create enhanced understanding and produce corre-

lations to aid in the CFD modelling of droplet impingements upon moving films

in still air, a steppingstone to allow modelling of full-scale bearing chambers.

The primary motivation for this was to enhance design and modelling capabil-

ity of aero engine bearing chambers, although clearly the work has far wider

applicability. Whilst, a wide body of work has led to a sophisticated understand-

ing of these phenomena in cases where the targets are either solid substrates

or static films, less work has been undertaken to demonstrate the applicability

of these models for moving films. This creates a need to understand how mov-

ing film impingements differ from static films, and the effect these differences

may have upon the heat and mass transfer after the impingement.

Within the course of this work, the collision of droplets upon moving films

has been investigated experimentally. A twofold data acquisition approach was

undertaken, combining conventional high-speed imaging of secondary droplet
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production, with Laser Induced Fluorescence visualisation of the crater and

crown. This allowed comparison and insight into the production of droplets

and post-impingement behaviours of the film, compared to existing physical

understanding from static film literature.

6.1.1 Secondary Droplet Production

As droplet production has been identified as a key contributor to parasitic losses

within the bearing chamber, the programme of work was designed to investi-

gate key parameters of secondary droplet production. The first element of the

work utilised high-speed imaging with conventional illumination to investigate

the conditions under which secondary droplets are formed, the mechanism by

which secondary droplets are created, and the number and characteristics of

these droplets.

It was found that moving film impingements demonstrated a high level of

comparability to pre-existing static film understanding. In section 4.1, the tran-

sition from coalescence to crown formation, and crown formation to crown

splashing were considered. These were shown to occur within 3.6% and 2.3%

of previously established boundaries of the splashing parameter from Cossali

et al. [8]. This work finds the transition between coalescence and crown forma-

tion at KC(V d) = 725, compared to 700 for static films. Similarly, the boundary

between crown formation and crown splashing was found at KC(V d) = 2149,

compared to 2100 for static films. These transition values were determined

statistically, using cumulative probability functions to determine the midpoint,

an approach which is novel within the field. For oblique impingements on mov-

ing films there are several components of velocity which may be used in the

calculation of KC , these were investigated, and it was concluded that to de-

termine the impingement outcome, use of the total droplet velocity gave the

most consistent results, with the sharpest transitions within the investigated

experimental range.

The effect of film inclination was investigated, and it was found that for im-
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pingements within 30◦ of normal to the film, transition from crown formation to

crown splashing remained constant at around KC(V d) ≈ 2100. However, when

the inclination of the impingement increased to 40◦, this splashing threshold

rose to KC(V d) ≈ 2400. Observations for inclined impingements on static films

[19] have noted similar increases in the transition value, but only for more highly

inclined impingement angles.

In cases where secondary droplets were produced, the number of sec-

ondary droplets resulting from the impingement was compared to a static film

correlation in section 4.3.1. It was found that good agreement with the exist-

ing works could be achieved based on a correlation from static film literature.

This required that the splashing parameter KC was calculated using the com-

ponent of droplet velocity normal to the film, (giving KC(V n)) rather than the

total droplet velocity (KC(V d)). Once in this form, two distinct regimes were

observed. The first was for KC(V n) >≈ 4000 it was found that there was rea-

sonable agreement with existing static film correlations [10], although a slight

increase in the number of secondary droplets for given impingement was ob-

served compared to the static film literature. A behaviour which was attributed

to the turbulent flow within the film destabilising the crown and producing more

droplets (Ref = 4100 − 13700). For the second regime, for KC(V n) <≈ 4000,

the static film model shows and over prediction compared to moving film ex-

periments. This behaviour was attributed to droplet production only occurring

on one side of the crown, which was investigated, and theKC(V n) <≈ 4000

verified statistically. For this region, a new correlation was created, in the form

Nsd · δ−0.3 = 3.47× 10−7
(
KC(V n) − 1300

)2.34

The secondary sizes and velocities were examined, and this is presented

in section 4.3.2. Correlations were formed to relate these to the dimension-

less timescale τ = tVd/D. It was found that as the time after droplet impact

τ increased, droplet velocity decreased, and droplet diameter increased. It

was found that secondary droplet diameter could be expressed in the form

Dsd/D = 7.84×10−2 ·τ−0.64 and that secondary droplet velocity was described
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by Vsd/V = (1.26) · τ (−0.5), a form which was derived from models of crown

rim velocity. These correlations allow the secondary droplet properties to be

approximated based on the impinging droplet properties, and the formation

time.

In the course of determining secondary droplet characteristics, it was noted

that several distinct mechanisms of formation were routinely observed. These

were investigated and quantified in section 4.2, and summarised below. This

represents the first comprehensive attempt to categorise the means of droplet

production from crown ligaments, combining several pre-existing theories and

experimental observations.

• Prompt: Caused by Richmyer-Meshkov instability immediately after the

droplet hits the film. Droplets produced are very small and fast.

• Progressive: Caused by short-wave breakup of the ligaments as the

crown expands. Produced droplets with medium sizes and velocities.

• Recessive: Caused by the ligament beginning to withdraw, produces

very large droplets, with low velocity.

• Interstitial: Similar to satellite droplet production for gravity driven jets,

where a thin region of fluid separates at both ends, and forms a small

droplet.

It is anticipated that with further validation, the ability to relate mechanisms

to distinct secondary droplet sizes and velocities will have a variety of potential

applications beyond the immediate context. For example, experimental stud-

ies into two phase transmissions elements, such as bearings and gearboxes,

may be able to relate the observed droplet sizes from distinct formation mech-

anisms. Furthermore, an enhanced understanding of mist generation could be

potentially very useful, as prompt splashing is clearly a significant element in

this.
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6.1.2 Film Behaviour

Surface roughness has previously been shown to be an important factor in

droplet production. Alongside shearing airflows, other causes of film surface

disturbances are the crowns and cavities produced by previous impingements

within the bearing chamber. Furthermore, there is concern that the crown-like

rim of fluid produced after some impingements may be vulnerable to breakup

in the highly rotating airflows of a bearing chamber. Use of the BB-LIF tech-

nique in chapter 5 allowed crown and cavity development to be compared to

existing static film models. Further analysis of high-speed camera data where

conventional lighting was used provided insight into the morphology and skew

of the crown.

Cavity propagation has been compared to existing static film understanding

in section 5.2. This comprised primarily of comparison to the cavity develop-

ment model from Roisman et al. [42]. This model relates cavity expansion to

the dimensionless time as a function of an expansion term (β) and a contraction

term (f ). Within the literature there has been disagreement about which pa-

rameters define the expansion term, with multiple derivations being proposed

[42, 43, 44]. Careful analysis of the various forms led the author to propose

within the thesis, a new form of βMitchell = We−0.132
d ·

√
δ. This is shown to pro-

vide better performance across the range of experimental testing conditions

than previous static film derivations, and represents the first usable correlation

derived for moving film cavity dynamics.

In Section 5.2.3 droplet spreading within the cavity was investigated, and

compared to existing models from static film literature [6]. From this work it was

found that in the early timescales, the spreading of droplet material within the

cavity showed agreement with the solid-substrate model. Understanding the

spreading of droplet material within the early timescales has key implications on

the thermal interface, between the droplet and film. Therefore, understanding

this phenomenon provides a base for future studies to investigate heat transfer

and oil degradation within the bearing chamber.
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The asymmetry of the crown for impacts on inclined moving films was in-

vestigated, and it was found that the skew direction (whether the upstream or

downstream side of the crown was larger) is related to the film velocity, droplet

velocity, and the impingement angle. The form of this relationship was explored,

and it was found that when Vd · sin(θ) was greater than Vf the crown was ob-

served to be larger in the downstream direction. However, when Vd ·sin(θ) < Vf

the upstream side of the crown was enhanced. Prior literature has reported

both upstream and downstream skew with regard to moving film impingements.

The work undertaken in this thesis is the first investigation to identify which fac-

tors determine the skew direction, thereby creating a systematic and statisti-

cally derived predictive capability.

Development of the crown was also examined in more detail, firstly by

determining the maximum crown size in section 5.3. It was found that for

Red < 7000, the maximum dimensionless crown radius could be described

as ξw(max) = 3.63 × 10−4 · Red + 0.243 across the range of experimental con-

ditions. Above the critical value of Red < 7000, the maximum dimensionless

crown diameter tends asymptotically towards a R∗crmax → 3.5.

The development of the crown with time (nondimensionalised in the form

τ = tVd/D) was compared to an analytically derived model for static films

[41], and an early-time model for moving-film impingements [45]. It was found

that above a value of τ = 5 the accuracy of the early-time model deterio-

rated across the majority of conditions. However modification of the static film

model, by inclusion of a dependence on droplet Weber number (Wed) and di-

mensionless film height (δ) in the form R∗cw = ([0.01048 · (Wed/δ) + 2] · δ)−1/4 ·√
τ + 1/

√
24 · δ − 1 was found to provide a better approximation of the crown

expansion in the direction perpendicular to the flow.

The investigation into crown behaviours was concluded by examining the

uneven expansion in the crown upstream and downstream of the impingement

site. It was found that by inclusion of the bulk film velocity into the dimension-

less time-scale, in the form τm = [t · (Vd ± Vf )/D], the improved crown width
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model could describe the upstream and downstream development with a rea-

sonable level of accuracy. However, it was noted that as these experiments had

only been performed for inclinations of 10◦, this form has not yet been proven

to be applicable for more severely inclined impingements.

6.2 Contributions to Knowledge

The work presented in this thesis makes a significant contribution to under-

standing of moving film impingements, and the applicability of static film cor-

relations. The formation of new correlations enhances future CFD capability

and gives the potential to model bearing chambers with a lower computational

cost. It further gives more confidence in results than if only using correlations

derived for static films. Examples of this include:

• Proof that some impingement outcome boundaries from static film in-

vestigations can be applied to moving films in our experimental range.

Including a unique statistical determination of the boundaries and transi-

tion regimes.

• Comparison of the number of secondary droplets to existing models for

static films; including the identification of a transition region where splash-

ing only occurs on one side of the crown, and relating the secondary

droplet velocities to the expansion of the crowns rim.

• Application and modification of models for the crown and cavity develop-

ment from static film literature to moving film experiments.

• Showing that droplet spread is identical in the early stages to that ob-

served for impingements on solid surfaces, and that mixing is observed

between the droplet and film.

These elements allow much greater insight into the mass transfer within an

aero-engine bearing chamber. Prior to this work there had been few experi-

mental investigations into moving film impingements, with minimal consensus
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on fundamental aspects of impingement dynamics. Not only does this work

provide clarity in these areas, but several of the forms of analysis are novel in

their application to this field.

This has resulted in several publications,including:

• A preliminary study into droplet impingement presented at the American

Society of Mechanical Engineers Annual Engineering Congress and Ex-

position [50].

• A preliminary BB-LIF study into cavity dynamics at the American Society

of Mechanical Engineers Turbomachinery Technical Conference & Expo-

sition [51].

• Contributions to a paper considering static-film impingements in Experi-

ments in Fluids [44].

• Preparation of a manuscript for the International Journal of Multiphase

Flow.

6.3 Future Work

The rationale for this thesis was to aid in the complete understanding of droplet

dynamics within a bearing chamber. While this thesis has accomplished its de-

fined aim, there are still several aspects of work that require further investiga-

tion to fully understand the heat and mass transfer from droplet impingements.

It is evident from the findings in the current work that there are several av-

enues which require further investigation in order to facilitate full-scale bearing

chamber modelling. These include investigation the effect of fluid properties

on post-impingement dynamics, specifically relating to the oil within a bearing

chamber. Furthermore, a variety of fluid temperatures and atmospheric condi-

tions may be observed within a bearing chamber, as studies by Casterjon-Pita

et al. [28] have indicated that current understanding and nondimensionalisa-

tions may not fully account for the effect fluid properties on splashing and jetting
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behaviours. Further work will be required to fully understand the effect of fluid

properties on post-impingement behaviours.

Furthermore, there is a need to understand how shearing airflows and sur-

face waves on the target fluid effect droplet production, and whilst some studies

[72, 82, 114] have begun to investigate droplet impingements in shearing air-

flows for linear testing rigs, few have considered rotational conditions that are

more representative of a bearing chamber.

Finally, although the author was involved in a preliminary study [50] of

droplet and film heat transfer, it was found that the currently available infra-

red camera technology and its limited temporal resolutions were only just able

to visualise and quantify the thermal interactions. Therefore, as technology

advances there is significant scope for this topic to be revisited.
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