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Resumo

A preocupação com o ambiente levou o ser humano a desenvolver novos combustíveis al-
ternativos para reduzir a poluição e mitigar a emissão de gases de efeito de estufa. O setor
de transporte aéreo e a queima de combustíveis fósseis é responsável por grande parte da
poluição. Por conseguinte, introduzir novas formas sustentáveis de fornecer energia, como
os biocombustíveis, é de elevada importância. Contudo, de modo a tornar estes novos meios
de energiamais eficientes e seguros, é necessário realizar estudos relativos à injecção de com-
bustíveis nas câmaras de combustão e ao impacto de gotas.

Este estudo é focado numa investigação experimental sobre o impacto de gotas numa su-
perfície sólida quente. O principal objectivo deste trabalho é analisar a influência da tem-
peratura da superfície na morfologia do impacto de uma única gota e observar os possíveis
resultados. Para isso, nestes ensaios experimentais foram utilizadas misturas de Jet Fuel e
HVO (Óleo Vegetal Hidroprocessado). Os fluidos utilizados foram: água (como grupo de
controlo), 100% Jet A-1, 75% Jet A-1 e 25% NExBTL, 50% Jet A-1 e 50% de NExBTL, e 100%
NExBTL. Estas misturas seguem os requisitos da aviação civil, no qual têm que conter um
mínimo de 50% de jet fuel.

O presente trabalho estuda os efeitos de impacto de uma gota em função da temperatura da
superfície para diferentes fluidos. A energia de impacto foi mantida constante. Portanto, o
número deWeber nesta experiência foi fixado emWe = 320, tendo variado ou o diâmetro da
gota ou a velocidade de impacto. Além disso, foram escolhidas diferentes temperaturas da
superfície, que variam entre Tw = 25ºC e Tw = 330ºC, para procurar obter cada fenómeno de
impacto e caracterizar a morfologia do mesmo. As dinâmicas de impacto foram capturadas
utilizando uma câmara digital de alta velocidade e as imagens foram processadas digital-
mente. Foi possível observar os regimes de calor para todos os fluidos, bem como alguns
adicionais para as misturas de 75% jet fuel - 25% HVO e 50% jet fuel - 50% HVO.

Palavras-chave

Impacto de gotas, Estudo Experimental, Superfície Quente, Jet Fuel, Biocombustíveis, Efeito
de Leidenfrost.
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Abstract

The concern with the environment led the human being to develop new alternative fuels to
reduce pollution and mitigate the emission of greenhouse gases. The air transport sector
and the burning of fossil fuels are responsible for a huge portion of the pollution. Therefore,
introducing new sustainable ways to provide energy, such as biofuel, is of major importance.
However, in order to make these new energy sources more efficient and safer, it is necessary
to carry out studies related to the injection of fuel into the combustion chambers, and the
impact of droplets.

This study focuses on an experimental investigation of a single droplet impact onto a heated
solid surface. The main purpose of this work is to analyse the influence of wall temperature
on the impactmorphology of a single droplet and observe the possible outcomes. To do so, in
these experimental tests, Jet Fuel and HVO (Hydroprocessed Vegetable Oil) mixtures were
used. The fluids tested were: water (as a control group), 100% Jet A-1, 75% Jet A-1 and 25%
NExBTL, 50% Jet A-1 and 50% NExBTL, and 100% NExBTL.

The present work studies the impact outcomes depending on the working fluids and the wall
temperature. The impact energy was kept constant. Therefore, the Weber number in this
experiment was set toWe = 320 by varying the droplet diameter or the impact velocity. Fur-
thermore, different wall temperatureswere chosen, that vary from Tw = 25ºC to Tw = 330ºC,
to seek for every possible impact phenomenon and characterise the impact morphology. The
impact dynamics were captured using a high-speed digital camera and the images were dig-
itally processed. It was possible to observe the heat regimes for all fluids, as well as two
additional regimes for the mixtures of 75% jet fuel - 25% HVO and 50% jet fuel - 50% HVO.

Keywords

Droplet Impact, Experimental Study, Heated Surface, Jet Fuel, Biofuel, Leidenfrost effect.
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Chapter 1

Introduction

This study focuses on an experimental investigation on droplet impact onto a heated wall.
The main purpose of this work is to analyse the influence of wall temperature on the mor-
phology of a single droplet impact and observe the possible outcomes. This first chapter is
divided into three sections. In the first section, a brief motivation for the present study will
be provided. In the second section, the objectives of this work will be listed. In the final
section, the organisation and the discussed topics of this dissertation will be presented.

1.1 Motivation

Nowadays, there is a scientific consensus that the observed effects of global warming are
caused by fossil fuel combustion and emissions of greenhouse gases, such as nitrous oxide
(N2O), carbon dioxide (CO2) andmethane (CH4). Additionally, the transport sector and the
burning of fossil fuels are responsible for a high portion of the pollution. Therefore, devel-
oping alternatives to the commonly used combustion fuels is of major importance. Biofuels
play an important role here. These are defined as any sort of fuel that is made from organic
matter and have many benefits, such as the independence of political/social unstable en-
ergy suppliers, energy security, reduced carbon emissions, increase farm income and rural
development [1].

In order to improve the effectiveness of biofuels in providing the highest energy possible
and optimising the engines that they will be injected into, intensive research needs to be
made regarding droplet impact and spray impingement. To be able to introduce biofuels in
aviation, this experimental work used jet fuel and biofuel mixtures. However, according to
ASTM D7566-20b, the current civil aviation legislation only allows fuel mixtures to have a
maximum amount of 50% biofuel, implying that it is always required to have a minimum of
50% jet fuel [2]. Therefore, in this experimental work, the fluids used were H2O, 100% Jet
A-1, 75% Jet A-1 and 25% NExBTL, 50% Jet A-1 and 50% NExBTL, and 100% NExBTL.

1.2 Objectives

As mentioned above, the goal of this experimental study is to analyse the collision dynamics
of droplets of different fluids on a heated wall. In order to analyse the effects of surface tem-
perature on the morphology of the droplet, the impact energy was kept constant. Therefore,
the objectives established in this dissertation are the following:

1



• Visualise and analyse the outcome of droplet impact;
• Describe the phenomena observed in detail;
• Observe the influence ofwall temperature anddifferent fluid properties and compare them;
• Provide experimental data to be used in the development of mathematical models.

1.3 Overview

This dissertation is divided into five chapters: Introduction, LiteratureReview, Experimental
Methodology, Results and Discussion, and Conclusions and Future Work.

The current chapter introduces this dissertation and contains the motivation, the objectives
of this experimental work, and how this work is organised. The second chapter will be aimed
towards the literature review and it will contain the most important subjects to know re-
garding the current work. It will be mainly focused on droplet impact on heated surfaces,
with some information on non-heated surfaces as well. The third chapter will explain the
experimental procedure and everything related to the experimental work such as the work
methodology, calculations of droplet impact energy, and detailed explanations of the mate-
rials used. In the fourth section, an analysis of the image visualisation and discussion over
the results will be given. A detailed description of the events observed will be given and com-
pared between the fluids. Last, but not least, the fifth chapter will mention the conclusions
of this work and possible improvements for future work.  
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Chapter 2

Literature Review

This chapterwill contain the fundamentals to understand the phenomenonof droplet impact.
First, an introduction to the importance of this subject and its applications will be given.
Afterwards, the main parameters that govern the droplet impact will be explained. Then, a
brief explanation of droplet impact on non-heated surfaces will be presented, followed by a
detailed analysis of droplet impact on heated surfaces.

2.1 Introduction

The importance of the phenomenon of droplet impact has drivenmany investigators to com-
prehend its interactions with mass, momentum, and heat transfer. With newer technology,
such as ultra-high-speed imaging, this subject has been widely more covered and investi-
gated. Understanding the phenomena behind droplet impact is key to improve the effective-
ness in many industrial applications such as ink-jet printing [3], rapid spray cooling of hot
surfaces, such as turbine blades [4], direct fuel injection in combustion engines [5], pesticide
spraying of crops [6], fire suppression by sprinklers [7], and many others. In the following
topics, the fundamental information for the understanding of droplet impacts will be pre-
sented.

2.2 Dimensionless Parameters

According to Liang and Mudawar [8], there are many parameters that influence the phe-
nomenon of droplet impact. These include droplet and fluid physical properties (droplet di-
ameter,D0, impact velocity, U0, fluid viscosity, µf , fluid density, ρf , fluid surface tension, σ),
surrounding gas properties (pressure, temperature, flow configuration), and wall character-
istics (wettability, diffusivity, surface roughness, and wall temperature, Tw). These param-
eters combined provide some dimensionless parameters that are used to define the droplet
impact. The most used dimensionless numbers are the Reynolds number,Re (equation 2.1),
the Weber number, We (equation 2.2), the Ohnesorge number, Oh (equation 2.3), and the
Laplace number, La (equation 2.4).

The Reynolds number is the ratio between inertial forces and viscous forces, theWeber num-
ber relates the inertial and surface tension forces, the Ohnesorge number represents the ra-
tio of the viscous and surface tension forces, and the Laplace number measures the ratio
between the surface tension forces and the momentum-transport (especially dissipation) in-
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side a fluid.

Re =
ρfU0D0

µf
(2.1)

We =
ρfU

2
0D0

σ
(2.2)

Oh =
µf

(ρfD0σ)
1
2

=
We1/2

Re
(2.3)

La =
ρfD0σ

µf
(2.4)

The K number, (equation 2.5), is a dimensionless number that identifies the disintegration
and deposition limit on a dry impact. Below the critical value of K, deposition occurs, and
above, splash occurs. This number refers to splashing due to the most frequent mechanisms
of splashing, which are prompt and corona splashing. [9].

K = WeOh−0.4 (2.5)

Other pertinent parameters are:

ρ∗ =
ρf
ρg

(2.6)

µ∗ =
µf

µg
(2.7)

τ =
U0t

D0
(2.8)

Ca =
µfU0

σ
(2.9)

Fr =
U2
0

gD0
(2.10)

Where ρ∗ (equation 2.6) denotes the ratio of liquid-gas density, µ∗ (equation 2.7) is the ratio
of liquid-gas viscosity, τ (equation 2.8) corresponds to the non-dimensional time, t repre-
sents time after impact, Ca (equation 2.9) stands for the capillary number, and Fr (equation
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2.10) corresponds to the Froude number. The capillary number characterises the ratio of
viscous forces to surface tension forces, and the Froude number measures the ratio of the
inertia force on an element of fluid to the weight of the fluid. In general, gravity effects can
be neglected for Fr > 102 and, in most cases of droplet impact, they are not relevant [10].

Additionally, another important parameter is the dimensionless temperature, whichdescribes
the influence of the wall temperature on the impact outcome. Amiel [11] obtained this tem-
perature, referred as T ∗ (equation 2.11), from the wall superheat temperature (Tw − Tsat),
which is the difference from the wall temperature, Tw, and the boiling point of the fluid, Tsat,
and the Leidenfrost temperature (TLeid).

T ∗ =
Tw − Tsat

TLeid − Tsat
(2.11)

The Leidenfrost temperature is the minimum temperature of the film boiling regime. If the
wall temperature is lower than the boiling point, T ∗ takes a negative value and, above the
Leidenfrost temperature, it takes a value higher than 1. The heat flux exchanged between the
wall and the droplet is minimal at this temperature.

Opposed to the saturation temperature, the Leidenfrost temperature depends on the nature
of the liquid and wall roughness, since roughness tends to increase the number of nucleation
sites. The Leidenfrost temperature can be assumed to be constant if the surface roughness,
the ambient pressure, the liquid, and the wall materials are kept constant during the experi-
ments. In the following chapters, more information will be provided regarding this temper-
ature.

2.3 Wettability

When a droplet impacts a solid surface, different outcomes may prevail depending on the
properties of the liquid-solid interface. One of the most influencing properties that deter-
mines the impact phenomenon is thewettability, which is specific for a given liquid/solid/gas
system. Wettability describes the ability of a liquid to spread on a solid in a surrounding gas
phase and is quantified by the static contact angle, θstat, as shown in figure 2.1. The contact
angle is geometrically defined as the angle formed by a liquid at the three-phase boundary
(where a liquid, gas, and solid intersect).

There are three possible cases for the outcome of droplet impact depending on the values
of the contact angle. When the static contact angle is zero, θstat = 0º, the system is said to
be completely wettable. When the static contact angle is smaller than 90º, θstat < 90º, the
system is partially wettable, and when the static contact angle is above 90º, θstat ≥ 90º, it is
a non wettable system [12].

The following two dynamic contact angles are crucial for the understanding of the droplet
impact dynamics: the dynamic advancing contact angle, θadv, and the dynamic receding con-
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Figure 2.1: Definition of the Static Contact Angle (θstat). For a non wetting system, θstat is equal to or higher
than 90º, and for a wettable system, θstat is lower than 90º. The system is completely wettable if θstat = 0º [12].

tact angle, θrec. These two are different from the static contact angle. However, the dynamic
contact angles and the static contact angle both depend on the liquid, vapour, the material
of the surface, the surface roughness, and any surface impurities. The static contact angle
is measured when the droplet hits the surface and stays in a static position. The dynamic
advancing contact angle refers to the condition when the interface is advancing towards the
vapour phase, i.e., the droplet is spreading and the contact angle increases. The receding con-
tact angle is the opposite. The interface evolves from the solid surface to the liquid phase,
i.e., the droplet recedes and the contact angle increases. In fig. 2.2, a visual illustration of
the dynamic angles are presented.

Figure 2.2: Advancing and receding dynamic contact angles, θadv and θrec, respectively. Adapted from
Bernardin et al. [13].

Bernardin et al. [13] summed up the types of contact angle reported in the literature and in-
vestigated the dependence of quasi-static advancing contact angle, θadv, for a water droplet
on a polished aluminium surface. Their results ranged from 25−170ºC for wall temperature
and 101.3 − 827.4 kPa for pressure. Two distinct regimes that depend on temperature were
identified: a low temperature regime for Tw < 120ºC, where the static contact angle is rel-
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atively constant at θstat = 90º, and a high temperature regime, Tw > 120ºC, where contact
angle decreases relatively linearly towards zero, according to the relation below:

θstat = 157.4− 0.55Tw (2.12)

2.4 Boundary Conditions

In this section, an explanation regarding the most common impact targets will be given. Be-
sides the droplet parameters that govern the impact outcomes, the impact target also plays
an important role on predicting the collision dynamics. Droplet impact can be classified into
three different subtopics based on the impact target: dry solid surface, thin liquid film (also
known as pre-wet wall), and deep liquid pool [14]. However, in this dissertation the target
that will be addressed is the dry solid surface.

2.4.1 Non-Heated Dry Solid Surface

When a droplet impacts onto a dry non-heated solid surface, the droplet outcome depends
on many factors, such as impact energy and surface properties. Earlier phases of the droplet
impact are controlled by the Re and We numbers, while in the later stages, the substrate
effect is much more important. This means that on a wetting substrate the impact can result
in additional spreading, while on a partially wetting substrate, with low surface energy, the
droplet may recede. In a non-wetting substrate, the droplet will recede and if the surface is
hydrophobic, the droplet may rebound [9]. Additionally, droplet spreading after an impact
onto a dry surface can be accompanied by instabilities at the outer rim of the lamella. This
phenomenon is termed fingering and the instabilities are called fingers [10].

Rioboo et al. [12] experimentally observed seven possible scenarios of droplet impact on a
dry wall: stick, deposition or spreading, prompt splash, corona splash, receding breakup,
partial rebound, and complete rebound.

Stick occurs at very low impact energies when the droplet is gently deposited and it adheres
to the surface in a nearly spherical form. Deposition or spreading (Fig. 2.3) takes into con-
sideration when the droplet deforms and sticks to the surface during its impacting process,
without formation of secondary droplets. This outcome occurs when the impact energy is low
and the impact fails to create capillary waves. These waves are generated after droplet im-
pact, where thin liquid sheets grow into a lamella that propagates in the radial direction [15].
The maximum spread factor, βmax = 2Rmax

D0
, which is the ratio of the final lamella diameter

at the wall, 2Rmax, and the droplet diameter, varies from 1.25 to 5.
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Figure 2.3: Deposition phenomenon according to Rioobo et al. Adapted from Cunha [16]

The prompt splash (Fig. 2.4) occurs when the liquid lamella disintegrates in the periphery
into secondary droplets in the spreading phase. It is promoted by a higher impact energy on
rough surfaces. At the end, the droplet spreads and stays on the wall.

Figure 2.4: Prompt splash phenomenon according to Rioobo et al. [12].

Reducing the surface tension, the liquid lamella can separate from the wall, resulting in
corona splash (Fig. 2.5). The corona splash occurs on a smooth surface, where the outer
rim of the expanding lamella is lifted off the surface to form a corona shaped structure, from
which a high number of secondary droplets are generated. This phenomenon is very charac-
teristic of droplet impacts on liquid films. The corona splash can be inhibited by decreasing
ambient pressure.

Figure 2.5: Corona splash phenomenon according to Rioobo et al. [12].

Receding breakup (Fig. 2.6) occurs when some tiny droplets detach from the original droplet
in the receding phase. The dynamic contact angle decreases as the liquid retracts from its
maximum spreading radius. If the limiting value of zero is reached, some droplets are left
behind the receding lamella.
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Figure 2.6: Receding breakup phenomenon according to Rioobo et al. [12].

Partial rebound and complete rebound (Fig. 2.7 and Fig. 2.8, respectively) only happenwhen
a receding phase is observed. The occurrence of this phase depends on the maximum diam-
eter reached by the spreading droplets and the receding contact angle. For higher energetic
impacts, this diameter is larger, and the maximum diameter is even larger than it would be
expected, given the static receding contact angle. In this case, the droplet begins to recede.

The difference between whether it is complete or partial rebound is in the dynamic receding
contact angle. Knowing that the receding phase is energetic enough in both cases, for lower
values of receding contact angle a partial rebound occurs (Fig. 2.7), and for higher values, a
complete rebound occurs (Fig. 2.8).

Figure 2.7: Partial rebound phenomenon according to Rioobo et al. [12].

Figure 2.8: Complete rebound phenomenon according to Rioobo et al. [12].

Figure 2.9 is adapted from Ferrão [17] and it represents the outcomes of a droplet impact on
a non-heated dry solid surface based on the impact energy.

As discussed above, there are several parameters governing the droplets collision dynamics.
The surface roughness is the variation in the height of the surface relative to a reference
plane and it is an important aspect to take into account in the outcome of droplet impact.
Increasing the roughness amplitude (Ra) promotes the prompt splash. This is due to the
spreading lamella being perturbed by the roughness, eventually leading to a breakup [12].

The effect of increasing the impact velocity on rough surfaces is to promote prompt splash.
For non-wettable systems, the impact velocity also promotes the receding breakupphenomenon.
A higher impact velocity leads to a larger spreading diameter, which results in a higher ve-
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U0

D0

Figure 2.9: Outcomes according to the impact energy. Adapted from Ferrão [17]

locity during the receding phase. Consequently, it leads to a lower dynamic receding contact
angle and, therefore, to a higher probability of receding breakup [12].

The droplet diameter plays a major role as well. For the same impact conditions, smaller
droplets tend to promote deposition and for larger droplets, corona splash takes place. Fur-
thermore, the corona splash occurs only with the presence of a very smooth surface and is
intensified by lower surface tension. For rough surfaces, the prompt splash sets in before a
corona can be formed [12].

Increasing the viscosity reduces the probability of all breakup outcomes. According to Al-
mohammadi and Amirfazli [18], for high surface tension fluids at a given droplet velocity, an
increase in velocity changes spreading to splashing. However, beyond this limit, an increase
in viscosity inhibits the splashing phenomenon.

The surface tension is defined as the elastic-like force existing in the surface of a liquid, that
tends tominimise the area of the surface, caused by asymmetries in the intermolecular forces
between surface molecules [19]. Usually, values of surface tension are measured when the
surface of the liquid is in contact with air. For the same conditions, the surface tension de-
creases the droplet diameter, and therefore, promotes lower impact energies outcomes. A
lower surface tension also promotes corona splash.

In table 2.1, a summary of all the different parameters are shown regarding the effects pro-
vided in each outcome of the droplet impact.
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Table 2.1: Summary of the effect of each parameter on each outcome. Adapted from Rioobo et al. [12].

Increase
of

Deposition Prompt
Splash

Corona
Splash

Receding
Breakup

Partial
Rebound

Complete
Rebound

U0 ↓ ↑ ↑ ↑ ↑ −

D0 ↓ ↑ − − − −

σ − ↓ ↓ ↑ ↑ ↑

µ ↑ ↓ ↓ ↓ − −

Ra ↓ ↑ ↓ − − −

2.4.2 Heated Dry Solid Surface

The surface temperature is a very important factor that affects the outcomes of the impacting
droplets. Nevertheless, the consideration of this factor introduces further complexity to the
impact phenomenon. Depending on the surface temperature, distinct heat transfer mecha-
nisms may develop when a droplet impinges a hot surface, depending on wall temperature,
Tw, the saturation temperature of the liquid, Tsat, and the Leidenfrost temperature, TLeid:

• If Tw < Tsat, heat transfer is mostly done by conduction from the wall to the liquid and by
evaporation due to mass transfer along the liquid-gas interface;

• When Tw > Tsat, the droplet boils on the heated wall, and tiny bubbles form inside the
droplet;

• When Tw > TLeid , a thin vapour layer forms between the droplet and the wall, and heat
transfer is highly reduced.

Bai and Gosman [20] identified some important temperature ratios:

Tw

Tsat
,

Tw

TPA
,
Tw

TN
,
Tw

TPR
,

Tw

TLeid

where Tsat < TPA < TN < TPR < TLeid

Tsat is the saturation temperature (or boiling point), TN is the Nukiyama temperature at
which a droplet reaches its maximum evaporation rate, TLeid is the Leidenfrost temperature
or the minimum evaporation temperature. TPA and TPR are termed respectively pure ad-
hesion temperature, below which adhesion occurs at low impact energy and pure rebound
temperature, above which bounce occurs at low impact energy.

The wall temperature, Tw, and the impact Weber number are the two most important pa-
rameters on determining the regime. It affects both impact dynamics and heat transfer per-
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formance. The Leidenfrost temperature is the minimum temperature for the film boiling
regime and it is influenced by many parameters, such as surface and liquid properties, and
the impact parameters. Based on the increasing pressure in the liquid-solid interface for an
impinging droplet, it was established that the Leidenfrost temperature increases for higher
droplet velocities [21].

The surface temperature influences the characteristic size of secondary droplets and the
splashing threshold. Since the identification of different heat regimes is mostly based on the
droplet morphology, some authors define the Leidenfrost temperature as a dynamic prop-
erty, TL,d, which will be discussed in a later topic. In the case of sessile droplet impact, it rep-
resents the temperature at which the vapour layer rebounds the droplet, the pure rebound
temperature.

2.4.2.1 Regimes of Droplet Impact onto a HeatedWall

Describing the several regimes is quite complex because the phenomena observed must take
into account each phase of the boiling regime. There are many studies that address var-
ious parameters, such as liquid properties, wall temperature, the disintegration and sec-
ondary droplets characteristics, etc. Bertola [22] proposed a classification based on the fi-
nal outcome instead of the details of the droplet morphology during impact. This includes
five main impact regimes for droplet impact onto a dry heated wall (despite the obvious
spread/deposition): secondary atomisation, breakup/splashing, rebound, reboundwith sec-
ondary atomisation, breakup with secondary atomisation (Fig. 2.10).

Figure 2.10: Impact outcomes based on the terminology used by Bertola [22]. (a) secondary atomisation; (b)
rebound; (c) splashing; (d) rebound with secondary atomisation; (e) breakup with secondary atomisation.

When Tw is above Tsat, vapour bubbles created on the heated surface rise by buoyancy and
burst on the free surface of the droplet, dispersing a high amount of secondary droplets.
The intensity of secondary atomisation varies according to the surface temperature and the
Weber number, and the secondary droplets are not uniform in size. Secondary atomisation
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depends highly on properties of the surface, specifically its thermal effusivity.

According to Bertola [22], for high surface temperatures for distilled water (above Tw =

350ºC in an aluminium plate) there are two possible outcomes: droplet rebound for lowWe-
ber numbers, and droplet splashing for high Weber numbers. Droplet rebound occurs at
high enough temperatures as a result of the formation of a vapour film between the droplet
and the surface, which reduces heat transfer. This vapour reduces energy dissipation during
droplet spread and recoil. Therefore, promoting rebound. However, if there is an excess in
kinetic energy after spread and recoil, the droplet will breakup into smaller droplets which
will also remain in the Leidenfrost state. At temperatures lower than Tw = 350ºC, there are
two possible regimes: rebound with secondary atomisation, and splashing with secondary
atomisation. This is due to an unstable vapour layer in the solid-liquid interface that allows
local contact between the droplet and the surface, where vapour bubbles grow and generate
secondary atomisation. This regimes are associated with transition boiling, which will be
discussed in the following topics.

However, in this dissertation, the terminology used is based on the evaporation lifetime of
a single droplet at different wall temperatures. Ko and Chung [23] proposed four different
regimes: film evaporation, nucleate boiling, transition boiling, and film boiling. An illustra-
tion of these regimes is presented in figure 2.11. The droplet evaporation time decreases as
the surface temperature increases up to the critical heat flux (CHF). Then, the evaporation
time rapidly decreases until the Leidenfrost temperature. Beyond this temperature, as the
surface temperature increases, the evaporation time slightly decreases. It is important to

Figure 2.11: Heat transfer regimes of droplet impact onto a hot wall, as reported by Ko and Chung [23].

notice that, in the film evaporation and nucleate boiling regimes, a liquid film is formed on
the surface. Therefore, these are considered as wetting regimes. As for the transition and
film boiling regimes, they are non-wetting because the vapour layer formed prevents contact
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between the droplet and the wall.

2.4.2.1.1 Film Evaporation
This regime takes place when Tw < Tsat and heat transfer occurs mainly by conduction from
thewall to the liquid and evaporation due tomass transfer along the liquid-gas interface. The
saturation temperature is the temperature at which the vapour pressure of a liquid equals the
surrounding pressure and the liquid changes into a vapour.

Seki et al. [24] measured the liquid-solid contact temperature, Tcontact (equation 2.13), using
a thin-film thermometer, and compared the results to theoretical values.

Tcontact =
Tw

√
(kρ cp)w + Tf

√
(kρ cp)f√

(kρ cp)w +
√
(kρ cp)f

(2.13)

cp and k represent the specific heat and the thermal conductivity, respectively. For most
situations regarding droplet impact onto a heated wall, the heat transfer from the wall to the
fluid is higher, (kρcp)w ≫ (kρcp)f , which results in Tcontact

∼= Tw. They also found that Tw

decreases to Tcontact right after the initial impact, and Tcontact increases with higher initial
wall temperatures. Additionally, Tcontact for a water droplet is approximately constant for
100 ≪ Tw − Tsat ≪ 200ºC, but increases for Tw − Tsat ≥ 200ºC.

Fig. 2.12 represents a scheme of the three stages of the film evaporation regime: initial,
fundamental, and final. The initial stage refers to the droplet impingement phasewhere, after
contact, the droplet spreads and oscillates until it achieves an equilibrium state consisting of
a spherical liquid cap.

Figure 2.12: Representation of the stages of droplet impact with a heated wall during film evaporation regime.
Adapted from Liang and Mudawar [25].
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The fundamental stage refers to the evaporation of the spherical cap, while preserving con-
stant wetting area, but with the contact angle and droplet height gradually decreasing. Ac-
cording to di Marzo and Evans [26], the fundamental stage takes about 80% of the total
droplet evaporation time. The final stage corresponds to a rapid succession of events, where
the spherical cap shrinks laterally into a cap with smaller wetted area. Afterwards, it incurs
further evaporation, before shrinking again into a smaller cap and evaporating, and so on,
until the liquid is completely evaporated. Droplet heat transfer in this regime is influenced
by temperature variations inside the droplet and the wall, the wall heat flux, and the droplet
evaporation time.

Chandra et al. [27] reported that reducing the contact angle with the aid of surfactant in-
creases droplet evaporation rate by increasing droplet-wall contact area and decreasing film
thickness. Decreasing initial contact angle from θstat = 90º to θstat = 20º reduces droplet
evaporation time by about 50%. After impact, wall temperature is lowest at the impact point
and increases in the radial direction.

Liang et al. [28] showed experimentally that impact velocity has little influence on the droplet
film evaporation, and stated that the evaporation rate and the average heat flux increases
linearly with increasing Tw. They also witnessed the formation of tiny bubbles at the liquid-
solid interface inside the droplet, which they suggested to be due to initial gas entrainment.

Fukai et al. [29] concluded that the droplet diameter is highly influenced by Tw in the recoil-
ing stage rather than in the spreading stage. Also, their calculations predict that increasing
Tw decreases the maximum diameter of the wetted area and delays the instant that it occurs.

Cui et al. [30] experimentally showed the effects of dissolved gas and solid salts on evapora-
tion heat transfer. On the one hand, dissolved salts were found to reduce the evaporation rate
by decreasing the water vapour pressure. On the other hand, dissolved gas has the opposite
effect, improving evaporation through the formation of bubbles in the liquid.

2.4.2.1.2 Nucleate Boiling

This region ranges the beginning of boiling, which occurs at a Tw slightly above Tsat, to the
critical heat flux (CHF) point (Tsat < Tw < TCHF ). In order to predict the beginning of
this regime, an accurate measurement of Tcontact needs to be made and, additionally, when
Tcontact > Tsat, bubbles begin to nucleate within the bottom of the droplet.

Moita andMoreira [31] found that fluids with smaller surface tension and latent heat tend to
reach boiling faster which, in turn, promote liquid droplets breakup and the making of dry
surface areas.

Cui et al. [30] experienced with gas and salts dissolved on the droplets. They reported that
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the heat transfer is enhanced by a small amount with dissolved carbon dioxide. Dissolving
sodium carbonate in the liquid inhibits the bubble coalescence and promotes foaming, which
in turn reduces droplet lifetime. Foaming is a subcategory of the nucleate boiling regime,
where, as the name suggests, the entire droplet starts to foam (a frothymass of bubbles forms
on the droplet [32]). Dissolving sodium bicarbonate instead of sodium carbonate reduces
droplet lifetime even more because it decomposes when heated to produce carbon dioxide,
augmenting bubble formation. Salt particles coming out of solution and precipitating inside
the droplet enhances bubble nucleation.

Xiong and Yuen [33] found that maximum heat transfer rate occurs at a wall superheat of
Tw − Tsat = 50− 60ºC for pure liquids, and this superheat value does not depend on droplet
size for fuel, but decreases slightly with increasing droplet size for water.

The Nukiyama temperature or critical heat flux corresponds to the shortest droplet lifetime
and it is the minimum evaporation time. It describes the thermal limit of a phenomenon
where a phase change occurs during heating, which suddenly decreases the efficiency of heat
transfer, hence causing localised overheating of the heating surface.

Kandlikar and Steinke [34] proved experimentally that CHF in droplet impact is caused by
the motion of the liquid-vapour interface, due to a thin vapour layer. Bernardin et al. [35]
reported that CHF in water droplets occurs at Tw = 130ºC, regardless of impact velocity,
surface roughness, or impact frequency. Vapour bubbles form close to the wall and move by
buoyancy up to the liquid-air interface. The heat is removed by vaporisation and increases
to a maximum at the critical heat flux temperature (TCHF ).

Nakoryakov et al. [36] experimentally concluded that increasing the surface thickness or
decreasing the droplet volume would decrease the droplet evaporation time. Additionally,
decreasing surface thickness increases the critical heat flux temperature.

Ahktar et al. [37] identified three different impact regimes for a water droplet impinging a
heated stainless-steel wall near CHF (140 < Tw < 160ºC): droplet adhesion forWe < 15±5;
droplet spreading without atomisation (until complete evaporation) for 20 ± 5 < We <

300± 20; and droplet breakup forWe > 350.

2.4.2.1.3 Transition Boiling

This regime is between the CHF and the Leidenfrost temperature (TCHF < Tw < TLeid). In
this regime, according to Rodrigues [38], the rate of bubble generation exceeds the rate of
bubble detachment from the hot surface.

Above the temperature corresponding to the local minimum in the boiling curve (Fig. 2.11),
the Leidenfrost phenomenon occurs. This phenomenon is characterised by the formation
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of a vapour film at the solid-liquid interface, thus decreasing the contact area, which causes
a thermal insulation that obstructs the heat flux between the droplet and the wall. Conse-
quently, with increasing values of the temperature, the evaporation time increases, and the
heat flux decreases to a local minimum at the Leidenfrost temperature.

2.4.2.1.4 Film Boiling

This regime occurs whenwall temperature exceeds the Leidenfrost temperature (Tw > TLeid)
and a stable vapour film is quickly formed between the droplet and the wall, which greatly
decreases liquid-solid contact and culminates in substantial deterioration of heat removal
from thewall. This is known as the Leidenfrost phenomenon and it corresponds to the lowest
wall temperature on the film boiling regime.

Two different methods were adopted to determine TLeid, the thermodynamic and hydrody-
namic. The thermodynamic method defines TLeid as the wall temperature at which the total
evaporation time of the droplet is the longest, while the hydrodynamicmethod relies on tem-
perature measurements to determine when a stable vapour layer begins to form between the
droplet and the wall.

Bernardin and Mudawar [39] proposed a new model in 2002 based on surface cavity char-
acterisation, as well as bubble nucleation, growth, and interaction criteria. As TLeid is ap-
proached from the bubble boiling regime, several tiny surface cavities become activated, and
the growth of bubbles increases. For temperatures equal to or above TLeid, more cavities are
created and the bubble growth rate increases enough that the liquid right next to the wall is
immediately evaporated, forming a layer of vapour.

Testa and Nicotra [40] proved that the pressure has the same effect in TLeid as in Tsat, i.e.,
when the pressure decreases, TLeid also decreases. Other investigators suggested that, for
rough surfaces, TLeid is higher compared to smooth ones. Surface porosity was found to
increase TLeid. TLeid is also influenced by surface tension and gravity. Research showed that
decreasing contact angle and surface tension also decreases TLeid.

Gottfried et al. [41] found that the TLeid of water does not depend on droplet size but on wall
material and the method of droplet deposition on the wall, varying from TLeid = 150ºC to
TLeid = 210ºC above Tsat. However, all other fluids have a TLeid ranging from TLeid = 100ºC
to TLeid = 105ºC above Tsat.

2.4.2.2 Types of Breakup

Senda et al. [42] identified four different types of breakup when a droplet impinges a heated
surface (Fig. 2.13), which depend highly on the surface temperature and the droplet Weber
number. The liquid used was water and it is assumed that the droplet deforms in a radial
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film on the surface. The most common regimes are:

• N Type: At a surface temperature above Tw = 200ºC, the radial film breaks up since
vapour blows through the centre of the film. This type is characterised by the droplets being
blown upward with the vapour. After this process, a radial film remains on the surface in
a separate form.

• H Type: With the rise in impact velocity and droplet diameter, the H type breakup ap-
pears, and more vapour is blown through the film when compared to the N type. The tiny
droplets attributed to blow-through are distributed over the film, but the blow-through
of the vapour is weak compared to the N type. The separated films which remain on the
surface after vapour blow-through are the N type.

• V Type: This type appears at surface temperatures of Tw = 300 − 400ºC and there is
no decrease in the radial film. This film breaks up when it leaves the surface. Further
increasing the impact energy, the droplets are ejected radially and the transition is made
to the F type.

• F Type: The radial film leaves the surface due to the vapour underneath the film that
is blown out in the radial direction. Subsequently, this film is torn and broken up into
droplets as the diameter of the film increases. Additionally, the vapour passes under the
radial film. The behaviour of this vapour can be confirmed in those small droplets dis-
persed from under radial film in the radial direction, and the dispersing velocity is faster
than the film velocity.

N type

H type

V type

F type

Figure 2.13: Different types of breakup according to Senda et al. [42].

2.4.2.3 Bubble Formation

According to Liang and Mudawar [25], all reports suggested that a single bubble or circu-
lar bubble rings are formed in the droplet right after impact, which they attributed to air
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entrapment in the solid-liquid interface, regardless of thermal effects. Afterwards, vapour
bubbles are formed around the initial air bubbles. Subsequently, due to the boiling of the
liquid, isolated vapour bubbles are formed in the rim of the spreading liquid film.

Some investigators refer to bubble boiling as the combination of the nucleation and tran-
sition boiling regime. Chaves et al. [43] observed bubble formation in the bubble boiling
regimewith ethanol droplets, and concluded that themaximumspreading diameter and bub-
ble lifetime depend onWe and Tw, and increasingWe decreases film thickness and the size
of bubbles growing in the spreading liquid film.

According to Chandra [44], when Tw < Tsat, there are two approaches regarding the forma-
tion of bubbles: entrapment of air in the liquid-solid interface during impact, and cavitation
inside the liquid caused by a decreasing pressure of the liquid to below its saturation vapour
pressure during the jetting process. The air entrapment might occur by the deformation of
the liquid during impact. The bubble could be created if a cavity, formed during impact,
immediately closes. This deformation can be on the liquid when a droplet impacts a solid
surface or in the substrate when a liquid impacts another liquid. Cavitation is the process of
rapid formation and collapse of vapour bubbles within the liquid due to isothermal decom-
pression. It is an explanation for the formation of bubbles within a droplet when a moving
solid surface impacts a stationary droplet. This occurs mainly when the static pressure be-
comes smaller than the vapour pressure of the liquid.

One possible method to reduce liquid pressure is a rapid liquid radial jetting along the axis
of the droplet and propagation of compression waves after impact, which reflect off the free
surface of the droplet and return as expansion waves. The overlay of expansion waves and
compression waves result in the formation of regions with high and low pressures.

2.4.2.4 Secondary Atomisation

According toCossali et al. [45], the secondary droplet atomisation is due to the vapour bubble
explosion at the liquid interface of the spreading lamella. The impact velocity, the surface
temperature, the impact angle, the surface tension, the viscosity of the liquid, the surface
wettability, the effusivity, and surface roughness are the main parameters influencing the
process.

Two main regimes of secondary atomisation are expected to exist as a function of wall tem-
perature, which can be related to the two boiling regimes:

• In the bubble boiling regime, the bubbles that are produced by the heat transfer grow and
break. The burst of bubbles produces a high amount of small secondary droplets. Here,
the formation of secondary droplets begins a fewmilliseconds after impact, and the droplet
ejection is mainly vertical. With a higher surface roughness, spreading appears faster and
atomisation is more effective earlier.
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• In the film boiling regime, when wall temperature is sufficiently high to generate a vapour
film almost immediately after impact, that causes the levitation of the droplet on the wall.
The formation of secondary droplets begins right after impact and droplets are ejected
radially.

Cossali et al. [46] showed that increasing impact velocity barely decreases droplet size, and
surface roughness has a weak influence on bubble formation. Chaves et al. [43] proposed a
mechanism for secondary droplet formation in the bubble boiling regime. The formation of
secondary droplets is due to the breakup of thin jets caused by explosion of vapour bubbles
through the liquid lamella. By increasing Tw, both the jet length and number of secondary
droplets increase. Cossali et al. [47] experimentally proved this mechanism and also wit-
nessed another process for formation of tiny droplets: jets ejected above pagoda-like bubbles
(Fig. 2.14), which they explained that these bubbles emerge in thick parts of the film, then
push the liquid upwards due to high pressure inside the bubble.

Figure 2.14: Pagoda-like bubbles in the bubble boiling regime. Adapted from Moita and Moreira [48].

2.4.2.5 Dynamic Leidenfrost Temperature

For sessile droplets, gravity is the only mean to impact the droplet on the wall, while for
impinging droplets this contact is also due to the droplet momentum, which increases with
TLeid. Consequently, to account for this momentum, a new temperature needed to be deter-
mined, the Dynamic Leidenfrost temperature, TL,d. This TL,d is higher than TLeid and it is
the minimumwall temperature at which the vapour layer in the liquid-solid interface causes
the droplet to bounce without shattering.

Xiong and Yuen [33] experimentally showed that TL,d is 90 − 120ºC above Tsat for liquid
fuels, and TL,d = 180−210ºC above Tsat for water. Wang et al. [49] reported that the droplet
rebounds from the heated wall at Tw < TL,d for high impactWe. They used spring analogy to
explain this, stating that the thin vapour layer behaves as a spring, which contributes to the
rebound of the droplet. With lowerWe, the spring force is weakened due to the dampening
effects of viscosity and surface tension.

Bertola and Sefiane [50] suggested that, for water droplets impacting a polished aluminium
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surface, the dynamic Leidenfrost temperature is given by the following expression:

TL,d = 165 + 30We0.38 (2.14)

2.4.2.6 Thickness of the Vapour Layer

Biance et al. [51] proved that the thickness of the vapour layer, δ, depends strongly on the
droplet radius. The thickness of the vapour layer is much smaller than the droplet radius,(

δ
R0

)
< 0.02. They observed two different regimes: stationary and permanent. In the first

one, the evaporation of the droplet supplies the vapour film, but it flows due to the weight of
the droplet. The vapour film thickness is given by the following expression

δ ∼
[
ρfkfµf (Tw − Tsat)g

hfgρvσ2

] 1
3
(
D0

2

) 4
3

(2.15)

where the subscript v is referring to the properties of the vapour film. However, Celestini
et al. [52] suggested that the vapour thickness increases for smaller droplets, with δ ∼
(D0

2 )(−3/2).

2.4.2.7 Droplet Fragmentation

The critical Weber number, Wec, is the limit for a droplet to breakup upon impact. The
Wec for a heated wall (50 < Wec < 80) is significantly lower compared to an unheated wall
(200 < Wec < 260) or on a wall with a thin film (200 < Wec < 260). Hatta et al. [53]
proposed that Wec for disintegration is influenced by several factors, such as liquid type,
wall material, and wall superheat. According to Wachters and Westerling [54], there are
three types of droplet disintegration. The first is during the initial impact for We > 80, the
second is the disintegration after it begins to rise from the wall for 30 < We < 80, and the
last is when there is no disintegration forWe < 30. Akhtar et al. [37] suggested five different
impact regimes for water droplets impacting a stainless steel surface at 260 < Tw < 400ºC.
Rebound for We 6 15 ± 5, rebound with breakup for 20 ± 5 < We < 50 ± 5, breakup limit
for We = Wec = 60 ± 10, typical splash for 60 ± 10 < We < 350 ± 20, prompt splash for
We > 350.

For a diesel droplet impacting a polished stainless steel surface at Tw = 450ºC, Chiu and Lin
[55] observed three different outcomes. Regular reflection or rebound without breakup, for
We < 15, breakup with one secondary droplet for 14 ≤ We ≤ 25, breakup with more than
one secondary droplet forWe ≥ 25.

2.4.2.8 ReboundMechanism

According to Liang andMudawar [8], when a low velocity droplet impacts on awall withTw >

TL,d, it will first spread laterally, and then recoil and bounce off the heated wall. Afterwards,
the droplet reaches its maximum height and will then fall again due to gravity, repeating
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this process several times. If no secondary droplets are formed, this process is known as
non-wetting interaction or reflection. Rebound on a heated wall is highly influenced by its
temperature because of the formation of the thin vapour layer in the liquid-solid interface.

Biance et al. [56] used spring analogy to explain this rebound phenomenon which they at-
tributed to droplet elasticity (Fig. 2.15). They reported two different regimes of droplet re-

Figure 2.15: Spring analogy used to explain rebound. Adapted from Liang and Mudawar [8].

bound based on theWeber number of the droplet. In the first regime, which happens at high
We, the droplet impact inertia is much larger than surface tension, causing the rebound to
be less elastic. The droplet loses energy due to dissipation during spreading, and there is
a partitioning of energy between droplet oscillation and spreading at rebound. Increasing
the droplet velocity, the portion of energy consumed by droplet oscillation increases, which
explains the lack of elasticity in this regime. Elasticity also decreases if the droplet diameter
exceeds capillary length, ( σ

gρf
)1/2, which causes the oscillation of the droplet without bounc-

ing, independent of impact velocity.

The second regime, which is associatedwith lowWe, corresponds to the quasi-elastic regimes,
where the droplet may rebound hundreds of times, returning to the same height in every re-
bound. Here, the rebound is associated with droplet oscillation, and the droplet maximises
its elasticity by adjusting its flight time to oscillation time. Successive bouncing of the droplet
reaches a resonant state where energy loss is minimised.

2.4.2.9 Spreading Rate

According to Chandra and Avedisian [44], two dimensions are used to characterise spread-
ing: the diameter of the wetted area and the droplet height above the surface. Normalising
these two dimensions over the initial diameter of the droplet, the spread factor, (β), and the
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dimensionless height (ξ) are obtained. Spread factor and spread rate
(
dβ
dt

)
are independent

of surface temperature in the initial stages of impact. However, after the initial stages, β
depends on the surface temperature and it varies in three different ways:

• If the wall temperature is equal to the ambient temperature, Tamb = Tw, then β increases
until it reaches a maximum. Then, if the Weber number is high enough, it may decrease
because of droplet recoiling or evaporation at the contact line;

• If Tamb < Tw < TLeid, β increases as the droplet spreads out and then decreases as the
liquid evaporates or recoils;

• If Tw > TLeid, the evolution of β can have many maximums due to recoil/rebound/ evap-
oration of the droplet from the surface. According to Wachters and Westerling [54], the
time period of recoil/impact has been suggested to be of the order of the vibration of a
freely oscillating droplet:

τr =
π

4

[
ρfD

3
0

σ

]1/2
(2.16)

τr is also known as the residence time of the droplet, which is the duration from the first
contact with the surface to first bounce off the wall.

Park et al. [57] experimented on a hydrophobic heated wall and measured a residence time
of solid-liquid contact of τr = 1 ms for 110 < Tw < 210ºC (below TL,d), which is the same
residence time as in the film boiling regime. However, due to the vapour trapped between
the droplet and the surface, they noticed a decrease in residence time to a minimum of τr =
0.025ms. Negeed et al. [58] suggested that theWeber number and contact angle have a high
influence on residence time.  
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Chapter 3

Experimental Methodology

In this chapter, all the important characteristics related to the installation and the experi-
mental procedures will be described in detail. A diagram with the installation will be pre-
sented and afterwards, every component in the experiment will be described regarding their
characteristics and specifications. Thereafter, a table with the fluids used and correspond-
ing properties will be provided. With all the components fully described, the next step is to
explain the work methodology and describe all the steps in the experiment.

3.1 Experimental Facility

In this dissertation, the installation is made up of four different parts: the image acquisi-
tion system (high-speed digital camera), the lighting (LED lamp and a diffusion glass), the
pumping system (syringe pump and needles), and the heating system (impact surface and
heating device). The camera is placed right in front of the impact surface and the lighting.
The pumping system is placed on the side of the assembly. It is composed of a syringe con-
nected to a needle and it is computer-operated tomanually choose the desired pumping rate.
The impact surface is made of aluminium, and it is positioned between the camera and the
lighting lamps. The needles chosen were based on the desired droplet diameter and corre-
sponding Weber number. There are two computers set in a table next to the experimental
installation: one is to connect the high-speed digital camera, and the other to connect the
data logger and the K-type thermocouples to measure the surface temperature. A diagram
of the setup is presented in figure 3.1.

3.1.1 High-Speed Digital Camera

The high-speed digital camera was essential to capture the impact. The camera used is a
Photron FASTCAMMini UX50 with 1.3 Megapixel image resolution at 2000 frames per sec-
ond (fps), and up to 160000 fps at reduced image resolution. The camera is connected to the
computer through an ethernet cable. By making an exposure of a shorter period than the
frame rate, the droplets can be seen with better quality. The maximum sensor resolution is
1280x1024 pixels. The lens used was a Tokina AT-X M100 Pro D Macro with a focal length
of 100mm, a minimum focusing distance of 0.3m, a minimum aperture of f/32 and a maxi-
mum aperture of f/2.8 (the ′f ′-number is the ratio of the lens focal length to the diameter of
the entrance pupil), and a macro ratio of 1:1.
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Figure 3.1: Diagram of the experimental setup. 1 - Heating device; 2 - Computers; 3 - Syringe and pump; 4 -
High-Speed digital camera; 5 - Impact surface; 6 - Dispensing needle; 7 - Diffusion glass; 8 - LED lamp.

3.1.2 Impact Surface and Heating Device

The impact surface is shown in the figure below (Fig. 3.2 (a)). It is a flat aluminium 5083

surface of size 150 mm x 150 mm x 30 mm. It has four cartridge heaters of 250 W, evenly
distanced to uniformly heat the impact surface, so that its temperature is distributed as even
as possible. Embedded in the impact surface, there is a type-K thermocouple that controls
the temperature that is selected in the heating device. The physical properties are presented
in table 3.1 and the blueprint of the impact surface is shown in Appendix A.1. A device that
controls the surface temperature is shown in Fig. 3.2 (b). In this device, the desired surface
temperature is selected and then the surface temperature heats up until the thermocouple
embedded in the surface measures the selected temperature.

Table 3.1: Physical properties of the aluminium impact surface.

Physical Property Value
Density 265 g/cm3

Melting Point 570 ºC
Thermal Expansion 25× 10−6 /K

Modulus of Elasticity 72 GPa

Thermal Conductivity 121W/m.K

Electrical Resistivity 0.058× 10−6 Ω.m

Before starting the droplet impact experiments, the calibration of the impact surface tem-
perature was made. In order to do this, seven different temperatures were selected. The
objective is to analyse the deviations of the surface temperature after it stabilises.

Since these tests were made to compare the temperature shown on the heating device to the
surface temperature, four additional K-type thermocouples were positioned in the centre of
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(b)(a)

Figure 3.2: (a) Aluminium impact surface with four 250W cartridge heaters and one embedded type-K
thermocouple. (b) Heating device that controls the selected surface temperature.

the surface and the temperature was measured for ten minutes. Figure 3.3 represents the
top view of the impact surface and respective positions of the thermocouples. The centre of
the circle corresponds to the droplet impact point, and distanced by 1 cm from the middle
are four K-type thermocouples represented by the red crosses. In figure 3.4, an example
of the graphs obtained by these measurements is provided. It can be observed that after
heating up to the selected temperature, the temperature slightly drops to stabilise at a lower
temperature than the selected (in this case, the selected temperature was T = 50ºC, and
stabilises at around Tw = 47ºC). The thermocouple four is measuring a temperature slightly
lower than the other three and this was probably due to thermocouple errors. Even though
it was slightly different, the standard deviation was still very low and it was still considered
constant. The other six temperatures follow the same pattern, in which they reach a peak
and then stabilise below the selected temperature. For higher selected temperatures, the
difference between the selected temperature and surface temperature is higher. Afterwards,
the mean temperature values of the four thermocouples were calculated.

In the table below, table 3.2, it is represented the mean surface temperature for all seven
selected temperatures tested as well as the standard deviation, and the range of temperatures
the surface stabilises. Additionally, a graph that complements the table is presented in fig.
3.5.
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Figure 3.3: Representation of the top view of the impact surface. The centre of the circle represents the droplet
impact point and the red crosses the K-type thermocouples.

Table 3.2: Values of the mean surface temperature, the standard deviation and the surface temperature
variation after its stabilisation.

Selected
Temperature

[ºC]

Mean Surface
Temperature

[ºC]

Standard
Deviation

[ºC]

Surface
Temperature
Variation

[ºC]

50 47 0.57 [46.4 ; 47.6]

100 91 1.17 [89.8 ; 92.2]

150 135 1.09 [133.9 ; 136.1]

200 180 1.87 [178.1 ; 181.9]

250 224 1.39 [222.6 ; 225.4]

300 267 3.47 [263.5 ; 270.5]

350 315 3.90 [311.1 ; 318.9]
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Figure 3.4: Surface temperature measurement with four thermocouples over the course of ten minutes.

3.1.2.1 Droplet Generator

The pump used to produce the droplets is a NE-1000 Programmable Single Syringe Pump. It
has a minimum pumping rate of 0.73ml/h with a 1ml syringe, up to 2100ml/h with a 60ml

syringe. The droplet forms at the tip of the needle and detaches when its weight surpasses
the surface tension forces.

In these experiments, the pumping rate was sufficiently low (0.5ml/min) to ensure that the
droplet falls only due to gravity. The syringe pump has a needle connected to it through a
cable. To ensure the sameWeber number, the droplet diameter needed to vary depending on
the fluid, therefore, the needles used had different inner diameters. To avoid contamination,
there was a single needle, syringe, and tube for each fluid used.

3.1.2.2 Illumination

One of the most important factors for image capture is a good lighting. Having a better illu-
mination makes it possible to capture the impact in better detail and contrast. Therefore, a
20W LED lampwas positioned right in front of the camera with a diffusion glass between the
impact surface and the LED lamp to provide uniform lighting. Besides that, all the windows
in the room were sealed and all the lights in the room were turned off, making the LED lamp
the only light source in the laboratory.

29



50 100 150 200 250 300 350

50

100

150

200

250

300

350

y = 0,8893x + 2

R2=0,99996

Figure 3.5: Correspondence between the selected temperature and the obtained surface temperature.

3.1.3 Fluid Properties

For this experiment, a total of five different fluids were testes and analysed. The fluids are
mostly fuels and mixtures that contain at least 50% jet fuel. The jet fuel chosen was Jet A-1
and the Biofuel was NExBTL. Therefore, the fluids used in these experiments were: H2O, Jet
Fuel (100%), Jet Fuel (75%) - HVO (25%), Jet Fuel (50%) - HVO (50%), and HVO (100%).
The fluid properties are derived from Ribeiro [59] and are shown in table 3.3:

Table 3.3: Values of density, (ρ), surface tension, (σ), dynamic viscosity, (µ), flash point, and boiling point for
the fluids used. Adapted from Ribeiro [59].

Fluids H2O 100% JF 75% JF -
25% HVO

50% JF -
50% HVO

HVO

ρ [kg/m3] (at 22ºC) 1000.0 798.0 795.0 792.4 785.2

σ [mN/m] (at 22ºC) 71.97 25.37 25.53 24.64 26.59

µ [Pa.s] (at 22ºC) 0.00100 0.00112 0.00144 0.00179 0.00340

Flash Point (ºC) - 38.5 - - 77.0

Boiling Point (ºC) 100 151.9 - 237.2 - - 210.5 - 308.0

3.1.4 Work Methodology

The experiments are divided into two parts. In the first one, the image acquisition of the
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droplets will be used to calculate the droplet properties, such as the impact velocity and
droplet diameter. In the second part, the outcomes were visualised and the impact phe-
nomenon was observed and reported in detail.

Regarding the first part of the experiments, to provide consistency, each case of study was
tested ten times. Besides that, before every temperature selected, the temperature of the
impact surface was measured with a K-type thermocouple until it stabilises, and for an ad-
ditional five minutes to guarantee that it did not vary. Also, every five tests made, another
report of the temperature would be made to ensure that the temperature would still be the
same and no changes were made. Additionally, for every droplet impact, the surface was
cleaned using isopropanol. This way, it is guaranteed that all droplet impacts have the same
conditions.

Asmentioned above, the fluids usedwereH2O, Jet Fuel (100%), Jet Fuel (75%)–HVO (25%),
Jet Fuel (50%) – HVO (50%), and HVO (100%). To compare the effects of the surface tem-
perature, the Weber number was kept constant for each fluid since it is one of the most im-
portant dimensionless numbers when dealing with heated surfaces. In order to reach the
same Weber number for different fluids, different needles diameters, and different droplet
falling heights had to be chosen.

3.1.4.1 Pixel Sizing

To determine the pixel size, a reference picture was taken before the tests. A needle with an
outer diameter of 1.82mmwas used. Knowing this value andmeasuring the number of pixels
in the software MATLAB, the conversion was easily made. With all this done, the pixel size
varied from 43.3 µm to 46.7 µm.

3.1.4.2 Droplet Diameter and Impact Velocity

Calculating the droplet diameter and the impact velocity is essential to determine the di-
mensionless numbers. These two factors will determine the experiments and will influence
the dimensionless numbers. In order to obtain these two droplet parameters, two separate
MATLAB codes were written.

For both cases, a background imagewithout anydropletwas selected. To calculate the droplet
diameter, every frame from the first complete droplet to the one before impact was selected.
After this selection, every frame is subtracted to the background image, leaving only the
droplet in the image. Then, the frames are binarised so that the values obtained are ones
and zeros (one correspond to white pixels and zero to black pixels). Afterwards, other MAT-
LAB functions were used to better improve the images, such as removing the noise pixels
(pixels that do not belong to the droplet) and filling the area inside the droplet with white
pixels. The image below, figure 3.6, represents how the image processing occurs. For all im-
pact conditions, the record rate of the camera was set to 2000 fps and the shutter speed was
set to 1/10240 seconds.
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Figure 3.6: The first image represents the background. The second figure is the complete droplet. Lastly, the
third image is the image after all the treatment and processing done.

To determine the droplet diameter, the vertical and horizontal length of the droplet for ev-
ery frame mentioned above were determined and the mean value was calculated. To get a
more accurate value, it is necessary to use every possible frame. To calculate the vertical and
horizontal length, the number of pixels were counted using a MATLAB algorithm. This way,
the columnwith themost pixels corresponds to the vertical length and the row with themost
pixels corresponds to the horizontal length. After calculating this value for every ten tests
made, the mean value was calculated, and the diameter obtained. Then, the mean diameter
is multiplied by pixel size, so that it can be converted into usable units.

Regarding the calculation of the impact velocity, it is important to notice that the velocity re-
quired is the one before impact. Therefore, the centroid position of the droplet right before
impact and the previous droplets were found. Then, the distance between them were calcu-
lated and divided by the time frames between them. For every test performed, five frames
before impact were selected to ensure that the impact velocity did not vary. After all the cal-
culations done, the impact velocity only varied by 0.82% (±0.01m/s). After that, the value of
the velocity is multiplied with pixel size.

Represented in the table below, table 3.4, are the experimental values of the droplet diameter
and impact velocity used to obtain similar Weber numbers for all the cases of study.

Table 3.4: Physical properties of the impact droplet for all the fluids used.

Fluid Needle Inner
Diameter [mm]

Droplet
Diameter
[mm]

Impact
Velocity
[m/s]

We Re

H2O 1.50 4.0± 0.42 2.4± 0.33 313 9527

100% JF 0.84 2.9± 0.33 1.9± 0.30 324 3730

75% JF / 25% HVO 1.50 3.1± 0.36 1.8± 0.27 313 3081

50% JF / 50% HVO 0.51 2.8± 0.28 1.9± 0.23 325 2355

100% HVO 1.50 3.1± 0.15 1.9± 0.25 330 1360
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Chapter 4

Results and Discussion

This chapter will be divided into two parts. The first chapter is dedicated to the visualisation
and characterisation of the different droplet impact outcomes and phenomenon, and the
second chapter includes an analysis of the images obtained that compares the influence of
the surface temperature on the different fluids used.

4.1 Image Visualisation

As said before in chapter 2, the terminology adopted in this dissertation is the same Ko and
Chong [23] used. Therefore, in the following images, four regimes will be observed for the
different fluids: film evaporation, nucleate boiling, transition boiling, and film boiling. An-
other important aspect to mention is that the dimensionless temperature is calculated using
equation 2.8, and t = 0ms corresponds to the moment of impact.

4.1.1 Film Evaporation

4.1.1.1 H2O

At Tw = 25ºC (Fig. 4.1), in the film evaporation regime, when the water droplet impacts
the surface, a bubble is quickly seen inside the droplet in figure 4.2. This bubble is proba-
bly caused by air entrapment in the liquid-solid interface because of the deformation of the
droplet at the moment of impact [44]. At τ = 3.0, the lamella reaches its maximum spread-
ing diameter and is followed by a receding stage that is seen from τ = 3.0 to τ = 74.4. Dur-
ing spreading, there are some instabilities at the outer rim of the liquid lamella, which are
known as fingers or the fingering phenomenon (τ = 3.0). There is receding breakup seen at
τ = 74.4. Afterwards, the droplet oscillates between spreading and receding intermittently
until its equilibrium form is established.

In the film evaporation regime, at a temperature slightly lower than Tsat, Tw = 85ºC (Fig.
4.3), when the droplet impacts, a bubble is immediately formed due to air entrapment. Sub-
sequently, vapour bubbles are formed in the rim of the lamella (Fig. 4.4). The droplet keeps
spreading until it reaches its maximum spreading diameter, accompanied with fingering
(τ = 3.0). Receding occurs vigorously compared to lower temperatures, because the lamella
breaks up into liquid puddles (τ = 18.0 − τ = 30.0). According to Moita and Moreira [48],
this rupture occurs because the vapour-pressure forces at the liquid-solid interface overcome
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surface tension forces.

τ = 0 τ = 3.0

τ = 24.0 τ = 74.4

1 mm

Figure 4.1: Water droplet impact (We = 313) onto an aluminium surface within the film evaporation regime
(Tw = 25ºC).

1 mm  = 0.3

Figure 4.2: Bubble formed right after impact due to air entrapment on a water droplet within the film
evaporation regime (Tw = 25ºC).

1 mm  = 0  = 3.0

 = 18.0  = 30.0

Figure 4.3: Water droplet impact (We = 313) onto an aluminium surface within the film evaporation regime
(Tw = 85ºC).
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τ = 9.3 τ = 9.6

τ = 9.9

1 mm

Figure 4.4: Vapour bubbles formation of a water droplet impact (We = 313) in the rim of the lamella within the
film evaporation regime (Tw = 85ºC).

4.1.1.2 100% Jet Fuel

For 100% jet fuel at room temperature (Fig. 4.5), the same spreading phenomenon occurs.
Immediately after impact, at τ = 0.3, a bubble is formed due to air entrapment. This phe-
nomenon happened for all the experiments done. The droplet then spreads until it achieves
its maximum spreading diameter at τ = 6.6. The receding phase is non-existent, proba-
bly due to the lower surface tension compared to water, which means that the droplet will
not recede to the lowest surface area possible and will maintain its shape (τ = 26.2). Here,
no instabilities such as fingers are seen. As the temperature increases, the same spreading
phenomenon occurs for a wall temperature of Tw = 50ºC. However, at this temperature,
the droplet enters a receding phase, which suggests that a higher wall temperature promotes
receding due to the decrease of the fluid viscosity as the temperature increases [60].

1 mm  = 0  = 0.3

 = 6.6  = 26.2

Figure 4.5: 100% jet fuel droplet impact (We = 324) onto an aluminium surface within the film evaporation
regime (Tw = 25ºC).
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The same spreading phenomenon occurs until Tw = 150ºC (Fig. 4.6). Right after impact,
a bubble is seen due to air entrapment at τ = 0.3. At this temperature, instabilities started
surging and the droplet would begin spreading with fingering (τ = 6.2). This is probably due
to the incipience of boiling and surface tension gradients [43]. At this temperature, there is
no receding. However, after the droplet reaches its maximum spreading diameter, it forms
puddles and begins evaporating fumes (τ = 19.7). According to Cen et al. [61], this phe-
nomenon is called puffing.

1 mm  = 0  = 0.3

 = 6.2  = 19.7

Figure 4.6: 100% jet fuel droplet impact (We = 324) within the film evaporation regime (Tw = 150ºC).

4.1.1.3 Jet Fuel (75%) - HVO (25%)

For this mixture at room temperature, Tw = 25ºC (Fig. 4.7), the same phenomenon hap-
pened as it did for the previous fluids. There is air entrapment right after impact (τ =

0.3), and then the droplet will spread without any instabilities until it achieves its maximum
spreading diameter, which is maintained until the droplet evaporates (τ = 5.8 − τ = 11.6).
The droplet will not enter a receding phase due to its low surface tension.

At a wall temperature of Tw = 100ºC (Fig. 4.8 (a)), the droplet will spread like the previous
temperature. However, it will enter a receding phase. The maximum spreading diameter
can be seen by the leftover oils that stuck to the wall in the receding phase. When the wall
reachesTw = 150ºC (Fig. 4.8 (b)), instabilities due to the boiling of the liquid start appearing.
Additionally, puffing occurs and some vapour bubbles form inside the droplet (Fig. 4.8 (c)).
Increasing wall temperature to Tw = 175ºC (Fig. 4.8 (d)), it occurs the formation of liquid
puddles.
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1 mm  = 0  = 0.3

 = 5.8  = 11.6

Figure 4.7: Mixture of 75% jet fuel with 25% HVO droplet impact (We = 313) onto an aluminium surface
within the film evaporation regime (Tw = 25ºC).

1 mm  = 30.8  = 7.3

 = 34.0  = 19.5

(a) (b)

(c) (d)

Figure 4.8: 75% jet fuel with 25% HVO droplet impact onto an aluminium surface. (a) Leftover oils in the
receding phase in the film evaporation regime (Tw = 100ºC). (b) Spreading with fingering within the film
evaporation regime (Tw = 150ºC). (c) Vapour bubbles forming inside the droplet in the film evaporation
regime (Tw = 150ºC). (d) Formation of liquid puddles in the film evaporation regime at Tw = 175ºC.

4.1.1.4 Jet Fuel (50%) - HVO (50%)

At a wall temperature of Tw = 25ºC, for the mixture of 50% jet fuel with 50% HVO, the
spreading phenomenon is the same as the other fluids. After impact, a bubble is quickly seen
due to air entrapment. No instabilities in the spreading phase were observed and the droplet
does not enter a receding phase due to its low surface tension. Increasing the temperature
to Tw = 100ºC will promote receding and therefore, the droplet will undergo a receding
phase. At this temperature, the droplet will oscillate between spreading and receding until
it achieves an equilibrium state while slowly evaporating on the heated surface. The droplet
spreading diameter is marked by the oils that stuck to the wall on the receding phase, the
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same as it occurred for the mixture of 75% Jet Fuel with 25% HVO.

Still in the film evaporation regime, at Tw = 150ºC, the same phenomenon occurs. The
droplet oscillates until it achieves an equilibrium state, with some vapour bubbles appear-
ing inside the droplet. When Tw = 180ºC, fingering appears after the droplet reaches its
maximum spreading diameter and enters the receding phase.

Near the nucleate boiling regime (Tw = 220ºC) (Fig. 4.9), the droplet starts slowly boiling
with puffing. The droplet breaks up into small puddles. These puddles can break and form
secondary droplets on the surface, and these secondary dropletsmightmerge into bigger and
less secondary droplets. At later stages in this regime, tiny vertical jets constantly burst on
top of these puddles, producing some secondary atomisation (Fig. 4.10).

1 mm  = 41.8  = 44.8

 = 48.2  = 51.6

Figure 4.9: Formation of puddles of a mixture of 50% jet fuel with 50% HVO in the film evaporation regime
(Tw = 220ºC).

1 mm � = 89.2

Figure 4.10: Jets bursting on the surface of the puddles of a 50% jet fuel with 50% HVOmixture in the film
evaporation regime (TW = 220ºC).
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4.1.1.5 100% HVO

The phenomenon with 100% HVO in the film evaporation regime is the same as the fuel
mixtures. At ambient temperature, Tw = 25ºC, the droplet impacts and air entrapment
occurs. The droplet spreads without experiencing any instabilities and, afterwards, it does
not undergo any receding phase. At a wall temperature of Tw = 50ºC, a bubble caused by air
entrapment is seen again. The droplet spreads and after reaching its maximum spreading
diameter, it recedes. Then, it oscillates until it reaches an equilibrium state while slowly
evaporating.

When wall temperature is set to Tw = 100ºC, prompt splash occurs at the moment of impact
(Fig. 4.11). Unlike other fluids used, this was the only one that this phenomenon could be
observed in this regime. However, increasing wall temperature to Tw = 130ºC and Tw =

150ºC, the prompt splash ceased to occur and normal spreading without any instabilities
occurred. When the wall temperature was set to 200ºC, instabilities started to appear due to
the incipience of boiling and at later stages of the impact, puffing occurred as well (Fig. 4.12
(a)). At Tw = 250ºC when the droplet reaches its maximum spreading diameter, it starts
boiling and it eventually breaks into small puddles (Fig. 4.12 (b)). These puddles can break
to form bigger and lesser droplets or break intomore and smaller secondary droplets. At this
temperature, fumes are evaporating from the biofuel but no secondary atomisation. Vapour
bubbles can be seen inside the droplet.

1 mm τ = 0 τ = 0.6

τ = 2.5

Figure 4.11: 100% HVO droplet prompt splashes onto an aluminium surface within the film evaporation regime
(Tw = 100ºC).
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τ = 59.51 mm

(a) (b)

τ = 37.1

Figure 4.12: (a) Puffing of a 100% HVO droplet within the film evaporation regime (Tw = 200ºC). (b)
Formation of puddles of a 100% HVO droplet in the film evaporation regime (Tw = 250ºC).

4.1.2 Nucleate Boiling

4.1.2.1 H2O

In the transition from film evaporation to nucleate boiling regime, Tw = Tsat (Fig. 4.13),
at the moment of impact, the droplet spreads with fingering until it reaches its maximum
spreading diameter (τ = 3.0). Here, the droplet barely recedes. Instead, the formation of
puddles is more intense in comparison to Tw = 85ºC (τ = 18.0 − τ = 36.0). There is
secondary atomisation seen at later stages.

τ = 01 mm τ = 3.0

τ = 18.0 τ = 36.0

Figure 4.13: Water droplet impact (We = 313) onto an aluminium surface within the nucleate boiling regime
(Tw = 100ºC).

In the nucleate boiling regime, Tw = 110ºC (Fig. 4.14), after impact, the droplet reaches its
maximum spreading diameter at τ = 3.0 accompanied with fingering. After that, the droplet
breaks into tinier puddles and it begins boiling (τ = 15.0). Afterwards, vapour bubbles form
and burst out of the droplet, with gradually increasing secondary atomisation (τ = 39.0). In
a later stage of this impact, small jets forming and bursting on the top of the bubbles were
reported (Fig. 4.15). This phenomenon was reported by Cossali et al. [47], who identified
them as ”pagoda-like” bubbles.
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τ = 01 mm τ = 3.0

τ = 15.0 τ = 39.0

Figure 4.14: Water droplet impact (We = 313) onto an aluminium surface within the nucleate boiling regime
(Tw = 110ºC).

1 mm  = 138.3  = 138.6  = 138.9  = 139.2

Figure 4.15: Formation of the ”pagoda-like” bubbles of a water droplet within the nucleate boiling regime
(Tw = 110ºC).

4.1.2.2 100% Jet Fuel

For jet fuel, at a Tw = 175ºC (Fig. 4.16), in the nucleate boiling regime, at the moment of
impact, vapour bubbles form inside the droplet (τ = 0.3). The droplet then spreads, and a
tiny vertical jet is seen at τ = 3.3. According to Cossali et al. [46], the formation of this jet is a
boiling induced phenomenon, and a possible explanation is the formation of a pressure wave
at the point of impact. This pressure wave is formed because of the rapid formation of vapour
bubbles. At τ = 13.1, the droplet boils on the surface, producing secondary atomisation
accompanied with puffing. The rupture of the lamella and the formation of puddles is seen
at τ = 29.5, while the secondary atomisation grows stronger. In the case of 100% jet fuel, the
rupture and formation of puddles is much more intense than on water because of its lower
surface tension. As reported for H2O, pagoda-like bubbles were also observed for this fluid.

4.1.2.3 Jet Fuel (75%) - HVO (25%)

At a wall temperature of Tw = 200ºC (Fig. 4.17), the nucleate boiling regime is reached for
this mixture. However, this temperature is in the transition of the film evaporation to the
nucleate boiling regime. After impact, a burst of vapour bubbles is seen at τ = 0.6. After-
wards, the droplet spreads with fingering (τ = 2.9). After reaching the maximum spreading
diameter, the droplet does not enter a receding phase. Instead, the droplet will breakup into
puddles and boil (τ = 40.6). At the same time, secondary atomisation occurs but is not in-
tense. At later stages of the evaporation, jets breaking up on top of the boiling droplet can be
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1 mm  = 0.3  = 3.3

 = 13.1  = 29.5

Figure 4.16: 100% jet fuel droplet impact (We = 324) onto an aluminium surface within the nucleate boiling
regime (Tw = 175ºC).

seen producing secondary atomisation (Fig. 4.18).

1 mm  = 0  = 0.6

 = 2.9  = 40.6

Figure 4.17: Mixture of 75% jet fuel with 25% HVO droplet impact (We = 313) onto an aluminium surface
within the nucleate boiling regime (Tw = 200ºC).

1 mm  = 81.9  = 82.2  = 82.5

Figure 4.18: Jets bursting on the surface of the puddles of a 75% jet fuel with 25% HVO droplet in the nucleate
boiling regime (TW = 200ºC).

When wall temperature reaches Tw = 220ºC (Fig. 4.19), a burst of vapour bubbles is quickly
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formed at τ = 0.3. At τ = 1.5, the spreading stage with fingering is visible. Afterwards,
the droplet will not enter a receding phase. Instead, it will form puddles and boil with more
intense secondary atomisation than before and, this time, with puffing (τ = 34.8). At later
stages of the impact, the droplet will stop nucleating and enter a film evaporation regime
(Fig. 4.20). This can be explained because these two fluids have different boiling points and
the surface temperature is in between these two points. The jet fuel has a lower boiling point,
therefore, it is in the nucleate boiling regime and it boils earlier than HVO. Afterwards, the
remaining droplet left on the heated surface will slowly evaporate.

As the temperature increases until the limit of the transition boiling, a new phenomenon can
be seen. When Tw = 240ºC, the droplet will initially behave the same way as it did for Tw =

220ºC. However, in the later stages, after the jet fuel has evaporated, instead of forming a
big single droplet like before, the droplet will breakup into puddles that will slowly evaporate
on the heated surface (Fig 4.21). This is because the wall temperature is approaching the
nucleate boiling regime for theHVOpart of themixture. Therefore, the puddles start forming
just like it did at a Tw = 250ºC for the 100%HVO droplet impact in figure 4.12. For this fluid,
pagoda-like bubbles were observed for wall temperatures of Tw = 220ºC and Tw = 240ºC.

1 mm  = 0.3  = 1.5  = 34.8

Figure 4.19: Mixture of 75% jet fuel with 25% HVO droplet impact (We = 313) onto an aluminium surface
within the nucleate boiling regime (Tw = 220ºC).

1 mm  = 68.5  = 97.5

 = 126.6  = 155.6

Figure 4.20: Evolution of the 75% jet fuel with 25% HVO mixture droplet impact in the nucleate boiling regime
(Tw = 220ºC).

4.1.2.4 Jet Fuel (50%) – HVO (50%)

In the nucleate boiling regime, Tw = 250ºC (Fig. 4.22), immediately after impact, vapour
bubbles form inside the droplet (τ = 0.3). The spreading phase is accompanied with finger-
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1 mm  = 20.6  = 49.6  = 78.7

 = 107.7  = 136.7

Figure 4.21: Nucleate boiling and formation of puddles of a mixture of 75% jet fuel with 25% HVO for
Tw = 240ºC.

ing (τ = 3.4). After reaching its maximum spreading diameter, the droplet boils accompa-
nied with secondary atomisation and puffing (τ = 44.1).

1 mm  = 0.3  = 3.4  = 44.1

Figure 4.22: Mixture of 50% jet fuel with 50% HVO droplet impact (We = 325) onto an aluminium surface
within the nucleate boiling regime (Tw = 250ºC).

In the later stages of the impact, the same phenomenon occurs as it did for the 75% jet fuel
with 25% HVOmixture. Since these two fluids have two different boiling points, the droplet
is left on the heated plate in the film evaporation regime slowly evaporating. Pagoda-like
bubbles were also reported for this temperature (τ = 44.1).

4.1.2.5 100% HVO

At a wall temperature of Tw = 285ºC (Fig. 4.23), the HVO droplet enters the nucleate boiling
regime. This appears to be in the transition between nucleate boiling and the film evapo-
ration regimes because at the early stages of impact, the droplet breaks up in the spreading
phase into puddles (τ = 9.2) and vapour bubbles form inside these puddles (τ = 30.6). At
later stages, the droplet starts boiling and producing secondary atomisation accompanied
with puffing (τ = 64.4).

Increasing wall temperature to Tw = 300ºC (Fig. 4.24), in the nucleate boiling regime, after
the droplet completely spreads, it breaks up into puddles (τ = 12.3). Afterwards, the droplet
remains on the heated surface evaporating, producing secondary atomisation and puffing
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(τ = 30.6 − τ = 46.0). It can be observed that for τ = 46.0, the droplet is almost entirely
evaporated, which implies that Tw = 300ºC is near the critical heat flux, therefore near the
transition boiling regime.

1 mm  = 0  = 9.2

 = 30.6  = 64.4

Figure 4.23: 100% HVO droplet impact (We = 330) onto an aluminium surface within the nucleate boiling
regime (Tw = 285ºC).

1 mm  = 0  = 12.3

 = 30.6  = 46.0

Figure 4.24: 100% HVO droplet impact (We = 330) onto an aluminium surface within the nucleate boiling
regime (Tw = 300ºC).
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4.1.3 Transition Boiling

4.1.3.1 H2O

At Tw = 135ºC (Fig. 4.25), in the transition boiling regime, the droplet contacts with the sur-
face intermittently. Here, the Leidenfrost phenomenon is visible and a tiny unstable vapour
layer is formed beneath the droplet, which makes it possible to “levitate” and not evaporate
immediately. However, this temperature does not represent the Leidenfrost temperature
since, above TLeid, there is no contact between the droplet and the wall.

After completely spreading and beginning the receding phase (τ = 3.0), secondary atomi-
sation is noticed at τ = 6.0, and the liquid begins to form into bigger droplets, as seen at
τ = 24.0. After a short time (τ = 30.0), there is no more secondary atomisation and the
droplets rebound on the heated surface (τ = 48.0). Vapour bubbles can be seen inside the
droplets at all times after completely formed. After a short time rebounding, the bottom part
of the droplet can burst because the heat is not enough to sustain the vapour layer (Fig. 4.26).

1 mm  = 3.0  = 6.0  = 24.0

 = 30.0  = 48.0

Figure 4.25: Water droplet impact (We = 313) onto an aluminium surface within the transition boiling regime
(Tw = 135ºC).

In figure 4.27, it is represented the phenomenona of droplet impact at different tempera-
tures in the transition boiling regime. As the temperature increases to Tw = 150ºC, in the
transition boiling regime, the number of daughter droplets formed also increase and they
are smaller in size (Fig. 4.27 (a)). The secondary atomisation at themoment of impact grows
stronger until a wall temperature of Tw = 250ºC (Fig. 4.27 (b)), and then becomes weak
again, Tw = 300ºC (Fig. 4.27 (c)), as the heated surface gets closer to the Leidenfrost tem-
perature. Additionally, as the temperature increases, the number of droplets ejected in the
radial direction increase, as opposed to the vertical ejected droplets, which increase up to
Tw = 250ºC and then decrease until Tw = 300ºC. For these three temperatures, the only dif-
ferences were in the first stages of impact regarding the projection of the secondary droplets.
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1 mm  = 104.4  = 105.0

 = 105.6  = 106.2

Figure 4.26: Water droplet burst on an aluminium surface within the transition boiling regime (Tw = 135ºC).

1 mm

(a) (b)

(c)

 = 9.0  = 3.0

 = 3.0

Figure 4.27: Water droplet impact at different wall temperatures in the transition boiling regime. (a)
Tw = 150ºC. (b) Tw = 250ºC. (c) Tw = 300ºC.

4.1.3.2 100% Jet Fuel

At Tw = 200ºC (Fig. 4.28), the droplet impacts and, during the spreading phase, the vertical
jet is witnessed again at τ = 1.6. At τ = 6.6, the droplet breaks up into tinier droplets accom-
panied with puffing. However, there is still contact with the surface, meaning that this is in
the transition boiling regime. Secondary atomisation is also seen beginning at τ = 6.6 and
the new daughter droplets remain “levitating” on the unstable vapour layer. The direction of
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these daughter droplets is mainly radial. However, some are still ejected vertically τ = 6.6.
This radial ejection during the spreading phase can be connected to a form of prompt splash,
where the lamella breaks up due to the vapour layer. Vapour bubbles can be seen inside the
tiny droplets (τ = 42.6).

1 mm  = 0  = 1.6

 = 6.6  = 42.6

Figure 4.28: 100% jet fuel droplet impact (We = 324) onto an aluminium surface within the transition boiling
regime (Tw = 200ºC).

4.1.3.3 Jet Fuel (75%) - HVO (25%)

At Tw = 260ºC (Fig. 4.29), from τ = 0 to τ = 2.9, the droplet spreads with fingering. The
lamella breaks up and forms tiny droplets that levitate in an unstable vapour layer (τ = 11.6),
accompanied with puffing and secondary atomisation. The secondary droplets are projected
radially and vertically. However, at this temperature, two different regimes can be seen –
transition boiling and film boiling. This is because of different boiling points of these fluids.
The wall temperature is in between two regimes of two different fluids, therefore, some part
of the droplet will contact the wall and boil while the other will levitate on an unstable vapour
layer (τ = 40.6).
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1 mm  = 0  = 2.9

 = 11.6  = 40.6

Figure 4.29: Mixture of 75% jet fuel with 25% HVO droplet impact (We = 313) onto an aluminium surface
within the transition boiling regime (Tw = 260ºC).

4.1.3.4 Jet Fuel (50%) - HVO (50%)

At a Tw = 275ºC (Fig. 4.30), the droplet spreads with fingering and after reaching its maxi-
mumspreading diameter, it starts boiling violently, accompaniedwith puffing and secondary
atomisation (τ = 6.8). No receding phase was observed due to the instant boiling of the
droplet. Just like the previous mixture, at this temperature, two different regimes can be ob-
served: transition boiling and film boiling (τ = 33.9). While some part of the liquid is boiling
in contact with the wall, the droplets ejected from the explosions earlier will rebound on the
vapour layer (τ = 50.9).

1 mm  = 0  = 6.8

 = 33.9  = 50.9

Figure 4.30: Mixture of 50% jet fuel with 50% HVO droplet impact (We = 325) onto an aluminium surface
within the transition boiling regime (Tw = 275ºC).

AtTw = 300ºC (Fig 4.31), it is clearly seen the transition boiling regime. During the spreading
phase (τ = 3.4), the fingers of the lamella break. Additionally, the secondary atomisation
produces tinier droplets that will be levitating on an unstable vapour layer (τ = 6.8). There is
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clearly contact with thewall as secondary atomisation and puffing occur (τ = 6.8− τ = 27.1).
It is possible to observe vapour bubbles inside the fully formed droplets (τ = 84.8).

1 mm  = 3.4  = 6.8

 = 27.1  = 84.8

Figure 4.31: Mixture of 50% jet fuel with 50% HVO droplet impact (We = 325) onto an aluminium surface
within the transition boiling regime (Tw = 300ºC).

4.1.3.5 100% HVO

For this fluid at a wall temperature of Tw = 315ºC (Fig. 4.32), the transition boiling regime
is achieved. The droplet, after impact, spreads with fingering (τ = 3.1) and these fingers
break into small droplets (τ = 9.2). These tiny droplets levitate on an unstable vapour layer
and can eventually rapidly boil if the heat is not enough to sustain the vapour layer. This
phenomenon occurred with secondary atomisation accompanied with puffing (τ = 27.6).
Additionally, for the same time, bubbles can be seen inside the secondary droplets.
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1 mm  = 3.1  = 9.2

 = 27.6

Figure 4.32: 100% HVO droplet impact (We = 330) onto an aluminium surface within the transition boiling
regime (Tw = 315ºC).

4.1.4 Film Boiling

4.1.4.1 H2O

At Tw = 320ºC (Fig. 4.33) at the moment of impact, the droplet completely shatters. Above
the Leidenfrost temperature, there is no more liquid-solid contact as a result of the vapour
layer formed between the two interfaces. Therefore, this absence of liquid-wall contact is
responsible for the smaller droplets generated. At the moment of impact, the droplet un-
dergoes a prompt splash (τ = 0.6) and breaks up to form secondary droplets. Unlike lower
temperatures, the droplets ejected are only in the radial direction (τ = 3.6 − τ = 6.6). This
radial ejection is due to the increasing wall temperature. The higher the temperature, the
more intense is the splashing and more tiny droplets are formed. The number of bubbles in-
side the daughter droplets are reduced significantly in this regime. However, some bubbles
can still be seen within the daughter droplets at τ = 24.6. In these experiments, no rebound
of the entire droplet was seen because the Weber number was moderately high, which re-
sulted in splashing in all tests done. While rebounding on the heated surface, the daughter
droplets may coalesce to form a bigger droplet, as shown in figure 4.34.
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τ = 0.61 mm τ = 3.6

τ = 6.6 τ = 24..6

Figure 4.33: Water droplet impact (We = 313) onto an aluminium surface within the film boiling regime
(Tw = 320ºC).

1 mm  = 66.3  = 67.8

 = 69.3  = 70.8

Figure 4.34: Water droplet coalescence while rebounding on the heated surface within the film boiling regime
(Tw = 320ºC).

4.1.4.2 100% Jet Fuel

At a wall temperature of Tw = 240ºC (Fig. 4.35), the film boiling regime for 100% jet fuel
is reached. The droplet levitates on a vapour layer formed right before impact, which re-
duces significantly the heat flux between the droplet and the wall. Thus, this temperature
corresponds to the highest evaporation time. There is no solid-liquid contact and, for this
reason, the droplet undergoes a prompt splash (τ = 0.7) and breaks up into tinier secondary
droplets (τ = 3.9 − τ = 7.2). The droplets are projected only in the radial direction and
puffing does not occur, unlike what occurred in the transition boiling regime (Fig. 4.28),
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where both phenomena would occur.

1 mm  = 0.7  = 3.9

 = 7.2  = 26.9

Figure 4.35: 100% jet fuel droplet impact (We = 324) onto an aluminium surface within the film boiling regime
(Tw = 240ºC).

4.1.4.3 Jet Fuel (75%) - HVO (25%)

Whenwall temperature is set to Tw = 275ºC (Fig. 4.36), the droplet will enter the film boiling
regime and the Leidenfrost phenomenon is clearly visible. The droplet will not contact the
surface and, instead, it will levitate on a stable vapour layer, formed at themoment of impact,
and bounce on the heated surface. At τ = 0.6, it can be seen the prompt splash of the liquid
lamella, breaking up into tiny droplets that are only projected radially (τ = 3.5). For all
experiments done, there was always a bigger droplet in the centre of the impact, as can be
seen at τ = 23.2. In this regime, puffing never occurred due to the absence of contact between
the two interfaces. When wall temperature was set to Tw = 320ºC, there were no differences
found in the impact, compared to the wall temperature of Tw = 275ºC.

1 mm  = 0.6  = 3.5

 = 6.4  = 23.2

Figure 4.36: Mixture of 75% jet fuel with 25% HVO droplet impact (We = 313) onto an aluminium surface
within the film boiling regime (Tw = 275ºC).
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4.1.4.4 Jet Fuel (50%) – HVO (50%)

Increasing thewall temperature toTw = 320ºC (Fig. 4.37), the filmboiling regime is achieved.
Just like the previous fluids in this regime, before impact, a tiny vapour layer is formed be-
tween the droplet and the surface. Therefore, the droplet never contacts the surface and
bounces repeatedly on the heated surface. At the moment of impact, the droplet undergoes
a prompt splash (τ = 0.7). This splash produces many daughter droplets that are projected
only in the radial direction (τ = 4.1). At the centre of the impact, a higher concentration of
bigger droplets was visible for all tests done (τ = 24.4). Compared to lower temperatures,
puffing never occurred in the film boiling regime due to the absence of contact between the
surface and the droplet.

1 mm  = 0.7  = 4.1

 = 7.5  = 24.4

Figure 4.37: Mixture of 50% jet fuel with 50% HVO droplet impact (We = 325) onto an aluminium surface
within the film boiling regime (Tw = 320ºC).

4.1.4.5 100% HVO

At Tw = 330ºC (Fig. 4.38), the film boiling regime is reached. Just like all other fluids,
at this temperature, the droplet never wets the plate because it levitates on a stable vapour
layer. Thus, the heat flux between the surface and the droplet is much lower. After impact,
the droplet undergoes a prompt splash and breaks up in the radial direction into several tiny
droplets (τ = 3.7 − τ = 6.7). The ejected droplets remain on the Leidenfrost effect and will
never contact the wall like the main droplet. For this fluid, bigger droplets in the middle of
the impact were observed (τ = 25.1).
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1 mm  = 0.6  = 3.7

 = 6.7  = 25.1

Figure 4.38: 100% HVO droplet impact (We = 330) onto an aluminium surface within the film boiling regime
(Tw = 330ºC).

4.2 Summary

In this section, a brief summary of all the phenomena observed and the comparison between
them will be done. A diagram representing the heat regimes and the respective transition
temperatures will be presented (Fig. 4.39). Additionally, a table for each fluid, will be pre-
sented for easy understanding of the events depicted in the sections above (Table 4.1, Table
4.2, Table 4.3, Table 4.4, and Table 4.5).

All fluids behave similarly in the same regime, apart for some differences. The major differ-
ence from all the fluids is having a different boiling point. While for water, the boiling point
is of T = 100ºC at ambient pressure, for the jet fuel mixture is around T = 175ºC, for 75% Jet
Fuelwith 25%HVOaroundT = 200ºC, for 50%Jet Fuelwith 50%HVO is aroundT = 250ºC,
and for HVO it is around T = 285ºC. This values do not represent the exact boiling point,
and were obtained experimentally by observing when the fluid entered the nucleate boiling
regime. These different boiling points translate into different heat regimes for the same tem-
perature, which is why the experiments were not done for the same wall temperature for the
different fluids.

In all tests for all fluids, there was always air entrapment at the moment of impact. In the
film evaporation regime, for a surface temperature equal to the ambient temperature, the
water droplet would spread and, in the receding phase, it would oscillate until it achieved
an equilibrium state. Additionally, water was the only fluid to experience receding breakup.
For the jet fuel, HVO and the jet fuel/biofuelmixtures, the droplet would not enter a receding
phase. For all fluids, except for water, the droplet spreads without any fingers. This occurs
due to the surface tension of water being almost three times higher than the other fluids.
Approaching the nucleate boiling regime from the film evaporation, the fluids would start
forming vapour bubbles and breaking up in the receding phase to form puddles, where they
would vaporise slowly at its phase contact line, until the droplet is completely evaporated.
Apart from water, all fluids evaporated fumes near the nucleate boiling regime (puffing).
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Figure 4.39: Regime map for the different fluids for the same Weber number.

In the nucleate boiling regime, the formation of vapour bubbles is more frequent at the
droplet interface, ascending through the droplet and break through the droplet surface to
form multiple secondary droplets. In all experiments, “pagoda-like bubbles” were reported
for this regime. For jet fuel, a tiny jet in the impact point was observed, and puffing occurred
for all fluids except water. For the mixtures of 50% jet fuel with 50% HVO and 75% jet fuel
with 25% HVO, a multiple regime was observed. On impact, these two fluids would start
boiling violently. At later stages of the impact, the droplet would remain in the film evap-
oration regime, slowly evaporating. Reason for this is that this mixture has two fluids with
two different boiling points. The boiling point for jet fuel is around T = 175ºC, and for HVO
is around T = 285ºC. Therefore, the jet fuel would boil while the HVO (below its boiling
point) would only slowly evaporate. For the film evaporation and nucleate boiling regime,
the droplets ejected were only vertically and never radially.

In the transition boiling regime, the vapour bubble formation increases rapidly. Therefore,
the bubbles are constantly coalescing and form an unstable vapour layer on some portions of
the areas between the droplet and the wall, while the rest of the droplet is in contact with the
wall. Some authors report this phenomenon as “dancing” [21]. In this regime, the droplet
would breakup on impact and form multiple daughter droplets that would levitate on this
vapour layer. Every fluid, except water, experienced secondary atomisation accompanied
with puffing, while water only experienced secondary atomisation. Since this vapour layer
is very unstable, the droplets can stick to the wall and rapidly boil. For the mixtures of 75%
jet fuel with 25% HVO, and 50% jet fuel with 50% HVO, the same phenomenon occurred as
it did for the nucleate boiling regime. Due to different boiling points, the droplet on impact
would eject secondary droplets that would levitate on the vapour layer in the film boiling
regime. However, while below the boiling point of HVO, some part of the droplet would be
in complete contact with the wall boiling, in the transition boiling regime.

Increasing the temperature above the Leidenfrost temperature, the film boiling regime is

58



reached. In this condition, the wall surface is covered with a stable vapour layer and the
entire droplet never wets the surface (there is no liquid-solid contact). This temperature
corresponds to the highest evaporation time of the droplet, because the heat flux from the
surface to the droplet is highly reduced by the presence of the vapour layer. The droplet
impact only projected droplets radially and never vertically. The droplet can rebound or
splash in this regime. However, for rebound, the impact energy needs to be lower. Since
these experiments had a moderately high Weber number (high impact energy), the droplet
always experienced splashing for all fluids. For HVO and the jet fuel and biofuel mixtures,
there was always a more concentrated droplet in the centre of the impact.

In figure 4.39, a visual representation of the heat regimes map for the five fluids is provided.
This map was made according to the observable regime the fluid would be in, and the tran-
sition temperatures between regimes do not represent the exact transition temperature and
are only estimates of the experimental work. However, they are not far away from the actual
value because many tests were done to observe these transitions.

The film evaporation regime increases with increasing Tsat. Therefore, since water has the
lowest boiling point, it also has the shortest range of temperatures for this regime, while
HVO has the highest. For the nucleate boiling regime, the temperature variation is almost
the same for all fluids, except for 75% jet fuel with 25%HVOmixture, which is slightly higher.
The transition boiling also varied almost the same for all fluids except for water, in which it
spanned a high range of temperatures. Jet fuel 100% has the lowest Leidenfrost temperature
and, therefore, the film boiling regime is reached before the other mixtures. On the contrary,
HVO has the highest Leidenfrost temperature, meaning that it had the highest wall tempera-
ture to achieve the film boiling regime. The Leidenfrost temperature of the mixtures of these
two fluids was in the middle, being the one with the most HVO, the highest of these two.

One important aspect tomention is that twomore regimes were needed to classify the impact
for the mixtures of 75% jet fuel with 25% HVO and 50% jet fuel with 50% HVO. This is due
to the presence of two different boiling points between the mixed fluids. While the boiling
point of HVO is around Tsat = 285ºC, the boiling point for jet fuel is around Tsat = 175ºC.
This discrepancy in these boiling pointsmakes it possible to exist two different regimes at the
same time. For example, for themixture of 75% jet fuel with 25%HVO, in the nucleate boiling
regime, the droplet would boil after impact. However, after a short time, a single droplet
was left on the heated plate in the film evaporation regime, slowly evaporating. These two
additional regimes are specific to the biofuel and fuel mixtures (75% jet fuel - 25%HVO, and
50% jet fuel - 50% HVO). The additional regimes for these two fluids are called ”wet boiling
impact followed by the remaining of a sessile droplet on the surface after boiling completion”,
and ”dry impact, bounce and wet boiling”. These regimes are based on the terminology of
Kompinsky et al. [62]. The first regime is when the nucleate boiling and film evaporation
regimes are present, and the second regime is when the transition and film boiling regimes
coexist. Therefore, for themixture of 75% jet fuel with 25%HVO, from Tw = 220−240ºC, the
mixture is in the ”wet boiling impact followed by a remaining sessile droplet on the surface”
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regime, and from Tw = 260 − 275ºC the mixture experiences ”dry impact, bounce and wet
boiling”. For the mixture of 50% jet fuel with 50%HVO, from Tw = 250−275ºC, the mixture
is in the ”wet boiling impact followed by a remaining sessile droplet on the surface” regime,
and from Tw = 275− 300ºC the droplet experiences ”dry impact, bounce and wet boiling”.

Table 4.1: Summary of the phenomena observed for H2O for the four heat regimes.

Heat Regime Tw [ºC] Phenomenon Description

Film Evaporation

25
Spreading w/ receding breakup, air entrapment, fin-

gering

85

Spreading w/ receding breakup, air entrapment, fin-

gering, small formation of vapour bubbles, formation

of puddles

Nucleate Boiling

100
Fingering, formation of puddles, formation and burst-

ing of vapour bubbles, weak secondary atomisation;

110

Formation and bursting of vapour bubbles, formation

of puddles, secondary atomisation, pagoda-like bub-

bles.

Transition Boiling

135

Droplets projected radially and vertically, secondary

atomisation, coalescence of the droplet, Leidenfrost

effect, vapour bubbles form inside the daughter

droplets;

250

Droplets projected radially and vertically, violent sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles form inside the daughter droplets;

300

Droplets projected radially and vertically, weak sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles form inside the daughter droplets;

Film Boiling 320
Droplets projected only radially, Leidenfrost effect,

splashing
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Table 4.2: Summary of the phenomena observed for 100% Jet Fuel for the four heat regimes.

Heat Regime Tw [ºC] Phenomenon Description

Film Evaporation

25 Spreading, no receding, air entrapment, no fingering;

50 Spreading w/ receding, air entrapment, no fingering;

150
Spreading, air entrapment, fingering, formation of

vapour bubbles, formation of puddles, puffing.

Nucleate Boiling 175

Formation and bursting of vapour bubbles, vertical jet

on impact, secondary atomisation, puffing, pagoda-

like bubbles

Transition Boiling 200

Vertical jet on impact, droplets projected radially and

vertically, puffing, secondary atomisation, Leiden-

frost effect, vapour bubbles form inside the daughter

droplets.

Film Boiling 240/320
Droplets projected only radially, Leidenfrost effect,

splashing

61



Table 4.3: Summary of the phenomena observed for a mixture of 75% Jet Fuel with 25% HVO for the four heat
regimes.

Heat Regime Tw [ºC] Phenomenon Description

Film Evaporation

25 Spreading, no receding, air entrapment, no fingering;

100 Spreading w/ receding, air entrapment, no fingering;

150
Spreading w/ receding, air entrapment, fingering, for-

mation of vapour bubbles, puffing;

175
Spreading, air entrapment, fingering, formation of

vapour bubbles, formation of puddles, puffing.

Nucleate Boiling

200

Spreading, no receding, formation and bursting of

vapour bubbles, formation of puddles, secondary

atomisation;

220

Formation and bursting of vapour bubbles, formation

of puddles, secondary atomisation, puffing, pagoda-

like bubbles, presence of two regimes - film evapora-

tion and nucleate boiling.

240

Formation and bursting of vapour bubbles, formation

of puddles, secondary atomisation, puffing, pagoda-

like bubbles, presence of two regimes - film evapora-

tion and nucleate boiling.

Transition Boiling 260

Droplets projected radially and vertically, puffing, sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles form inside the daughter droplets, presence of two

regimes - transition and film boiling

Film Boiling 275/320
Droplets projected only radially, impact point with a

larger single droplet, Leidenfrost effect, splashing
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Table 4.4: Summary of the phenomena observed for a mixture of 50% Jet Fuel with 50% HVO for the four heat
regimes.

Heat Regime Tw [ºC] Phenomenon Description

Film Evaporation

25 Spreading, no receding, air entrapment, no fingering;

100 Spreading w/ receding, air entrapment, no fingering;

150
Spreading w/ receding, air entrapment no fingering,

formation of vapour bubbles;

180
Spreading w/ receding, air entrapment, fingering, for-

mation of vapour bubbles, puffing;

220
Spreading, air entrapment, fingering, formation of

vapour bubbles, formation of puddles, puffing.

Nucleate Boiling 250

Formation and bursting of vapour bubbles, secondary

atomisation, puffing, pagoda-like bubbles, presence of

two regimes - film evaporation and nucleate boiling.

Transition Boiling

275

Droplets projected radially and vertically, puffing, sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles inside the daughter droplets, presence of two

regimes - transition and film boiling;

300

Droplets projected radially and vertically, puffing, sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles form inside the daughter droplets.

Film Boiling 320

Droplets projected only radially, impact point with

larger and bigger droplets, Leidenfrost effect, splash-

ing
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Table 4.5: Summary of the phenomena observed for 100% HVO for the four heat regimes.

Heat Regime Tw [ºC] Phenomenon Description

Film Evaporation

25 Spreading, no receding, air entrapment, no fingering;

50 Spreading w/ receding, air entrapment, no fingering;

100
Spreading w/ receding, air entrapment no fingering,

prompt splash;

150 Spreading w/ receding, air entrapment, no fingering;

200 Spreading w/ receding, air entrapment, fingering;

250
Spreading, air entrapment, fingering, formation of

vapour bubbles, formation of puddles, puffing.

Nucleate Boiling
285

Formation and bursting of vapour bubbles, secondary

atomisation, puffing, formation of puddles

300
Formation and bursting of vapour bubbles, secondary

atomisation, puffing, pagoda-like bubbles.

Transition Boiling 315

Droplets projected radially and vertically, puffing, sec-

ondary atomisation, Leidenfrost effect, vapour bub-

bles form inside the daughter droplets

Film Boiling 330

Droplets projected only radially, impact point with

larger and bigger droplets, Leidenfrost effect, splash-

ing
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Chapter 5

Conclusions and Future Work

In this chapter, two main topics will be discussed. The first one concerns the conclusions
about the phenomena observed for this experimental work. The second topic will be about
possible future works and improvements.

5.1 Conclusions

The objective of this experimental work was to visualise and describe the collision dynamics
of a single droplet impact onto a heated wall with constant impact energy. Therefore, for the
different fluids, the Weber number was kept at a constant value of aboutWe = 320. The flu-
ids tested were H2O, Jet Fuel, a mixture of 75% Jet Fuel with 25%HVO, amixture of 50% Jet
Fuel with 50% HVO, and HVO. These fluids, apart from water, have similar physical prop-
erties, such as surface tension, but their viscosity varies notably. Additionally, the impact
surface temperature varied from Tw = 25ºC to Tw = 330ºC in order to reach all heat regimes
for all the fluids.

As mentioned in the experimental procedure, the installation and fluid properties were done
and measured by Ribeiro [59]. To keep a constant Weber number, droplet size and impact
velocity were varied. For the sake of consistency, the experiments for each fluid and for
each temperature were done ten times. Additionally, when heating the surface to the desired
experimental condition, a measurement of the surface temperature would be done until it
stabilised. Besides that, every five tests made in each condition, another measurement of the
surface temperature would be done, to ensure that every impact had the same condition.

The phenomenon of receding only occurred at room temperature for water. The other fluids
only entered a receding phase when the plate was heated. However, water always had reced-
ing breakup and the other fluids did not. Additionally, water always experienced fingering
in the spreading phase, in comparison with the other fluids that only experienced this when
the plate was heated, and it was due to the incipience of boiling.

A prompt splash was observed for HVO in the film evaporation regime, at a wall temperature
of Tw = 100ºC, while for the other fluids, never occurred. In an advanced film evaporation
regime, the droplet would not undergo a receding phase and, instead, it would breakup into
puddles. These puddleswould slowly boil while ejecting bursting vapour bubbles that emerge
to the surface of the droplet. The jet fuel/HVO mixtures, jet fuel, and HVO also experienced
fumes evaporation which is called puffing. For every fluid, it was possible to observe the
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phenomenon of the jets bursting on top of the ”pagoda-like bubbles”, as addressed by Liang
et al. [28].

In the transition boiling regime, the droplet partially wets the wall and, therefore, it expe-
riences both secondary atomisation and the Leidenfrost phenomenon, which is when a tiny
vapour layer is formed between the droplet and the wall and it greatly reduces heat flux, in-
creasing the droplet evaporation time by a significant amount. However, since this vapour
layer is unstable, the droplet can rebound and eventually stick to the wall and completely
boil.

In the film boiling regime, above the Leidenfrost temperature, the splashing phenomenon
repeated itself for the fluids, with only some differences for the mixtures containing HVO.
For these, a concentrated mass of a single droplet or droplets would rebound in the impact
point. For water and jet fuel, this was not observed. However, all the fluids would undergo
a prompt splash, where they would breakup in the rim of the spreading lamella, and the
daughter droplets would be ejected in the radial direction. With the working impact energy,
no complete rebound of the droplet was observed. Instead, the droplet always experienced
splashing.

In this experimental study, it was possible to achieve all the four heat regimes (film evapora-
tion, nucleate boiling, transition boiling, and film boiling) for all fluids, though their transi-
tion temperatures between regimes varied by a significant amount. Besides these four heat
regimes, another twowere observed. These are unique for the biofuel and fuelmixtures (75%
jet fuel - 25%HVO, and 50% jet fuel - 50%HVO), and implies that two regimes are present at
the same time due to different boiling points of themixed fluids. They are wet boiling impact
followed by the remaining of a sessile droplet on the surface after boiling completion, and
dry impact followed by bounce and wet boiling [62]. The former occurs when the different
fluids are between the nucleate boiling and film evaporation regimes, and the latter occurs
when the fluids are between the transition and film boiling regimes.

5.2 FutureWork

Through the analysis of this experimental work, some recommendations and suggestions for
future work and its improvement can be advised.

First, it can be interesting to provide a more detailed heat regimes map for the fluids. In
this work, the only parameter that changed was the wall temperature. Varying the Weber
number and tracing a We − Tw graph with the respective phenomenon for each fluid is of
great interest. Also, providing a detailed analysis of the size of secondary droplets generated
or varying the Weber number while keeping the Reynolds number constant can be of great
interest.

Another interesting topic to approach is a detailed investigation on a single regime. For ex-
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ample, analysing the maximum spreading diameter or the time it takes to achieve it, while
increasing the wall temperature for a single regime. Additionally, using different surfaces,
such as stainless steel for example, and compare the results for the aluminium surface in the
same regime can be interesting. These studies are essential to compare themwith the current
literature, and perhaps, provide more information regarding these subjects.  
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Appendix A

A.1 Blueprint of the Impact Surface

Figure A.1: Blueprint of the impact surface.
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