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ABSTRACT

Study of puffing and micro-explosion during the evaporation of
Arabian light oil droplets
Juan Guillermo Restrepo Cano
Although the suspended droplet evaporation and combustion have been studied
for decades, fundamental research pertaining to the stochastic phenomena of complex
multicomponent mixtures is extremely rare. In this work, an experimental suspended
droplet study of Arabian light oil was held to study the frequency of puffing and microexplosion phenomena during the evaporation/pyrolysis process. The experiments
were conducted at three different evaporation temperatures (350 ◦ C, 440 ◦ C, and 570
◦

C), chosen in accordance with the TGA profile obtained. The suspended droplet

experiments were conducted on a furnace with optical access and a gas controlledpreheating system. The droplet size was optically registered at 500 fps by a LaVision
Imager Pro HS high-speed camera coupled with a magnification lens Nikon AF-S
Micro Nikkor 105 mm. Furthermore, a computer-vision data postprocessing program
was developed to identify contours and measure the size of the objects in the frame
in order to register the temporal evolution of the droplet size.
Additionally, a new approach for characterizing the droplet vaporization of complex multi-component fuels is proposed. This method allowed us to study the continuum (ideal evaporation) and stochastic processes separately, by following the profile
of the average normalized square diameter ((D/D0 )2 ) and quantifying the breakup
intensity (β) of each stochastic event. Based on the behavior of (D/D0 )2 , two consecutive stages were identified at every temperature investigated, the swelling and
the regression stage. At 350 ◦ C and 440 ◦ C, the evaporation was finally controlled
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purely by the diffusion evaporation, whereas at 570 ◦ C a pure diffusion stage was not
spotted. Instead, a second swelling was registered, where an amorphous carbonaceous
structure was formed. Due to the pyrolysis of the heavy hydrocarbons dominated the
process.
The stochastic events involved during the evaporation were successfully identified
and classified in breakup modes depending on their β. Additionally, the effect of
the temperature on the breakup events was assessed. Showing that the number of
breakup events increased exponentially with temperature.
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Chapter 1
Introduction

A GHG is a gas that has the property of absorbing and emitting thermal radiation.
These gases absorb the infrared radiation from the Earth’s surface and re-radiate it
back to the Earth’s surface, contributing the ’Greenhouse effect’. The greenhouse
gases in the atmosphere are water vapor (H2 O), carbon dioxide (CO2 ), methane
(CH4 ), nitrous oxide (N2 O), ozone (O3 ), chlorofluorocarbons (CFCs) and hydrofluorocarbons (HCFCs and HFCs).
The increasing of GHG emission since the Industrial Revolution (see Figure 1.1)
due to the consumption of fossil fuels has led a disruption on the global carbon cycle
and thus leading a warming effect. Global warming leads to climate change, and this,
in turn, leads to severe weather events such as heat and cold waves, tropical storms,
wildfires, among others. Likewise, Global warming causes sea-level rise, altered crop
growth, and disrupted water systems [2]. Thus, impacting negatively on ecosystems,
harming the health of flora and fauna; causing in some cases the species extinction.
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Figure 1.1: Atmospheric concentration of the most contributing Greenhouse gases
(GHG). Note: CO2 in ppm, and N2 O and CH4 in ppb.
Data source: Our World in Data [2, 3, 4, 5].

The accelerated increase of CO2 in the latest years have called the attention of
both scientific community and policymakers worldwide. As a response to mitigate
the negative impact of GHG emissions, stricter regulations have emerged along with
new oriented programs and policies concerning the health of the environment and its
sustainability [6].
To track, record and tackle the GHG emissions and its causes, in 2001 the Earth
Systems Science Partnership (ESSP), nowadays known as Future Earth, founded the
Global Carbon Project (GCP) organization. In 2013, GCP released an interactive
online data visualization platform called Global Carbon Atlas (GCA) to illustrate
and interpret the global emissions and to limit and cope with human-induced climate
change. [7, 8, 9]. The GCP organization reports coal, oil, gas, cement, and gas flaring
as the five main sources of CO2 (see Figure 1.2(a)), where fossil fuel consumption
represents 95 % of the total emissions. The share of global emissions of CO2 in 2017
is summarized in Figure 1.2(b).
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(a)

(b)

Figure 1.2: Global CO2 emissions classified by source. (a) Annual CO2 emissions
measured in tonnes per year. (b) Share of global emissions of CO2 in 2017.
Data source: GCP [7, 8, 9].

In Figure 1.3, the annual CO2 emissions by continent is shown. Asia is playing
the most significant role in temperature rising nowadays. During 2017, Asia emitted
19590 Mton of CO2 followed by America with 7668 Mton of CO2 , which represented
56 % and 22 % of the global CO2 emissions, respectively. Due to its high population,
China is the highest emitter of CO2 worldwide, emitting around half of the total
emissions of Asia per year (9839 Mton CO2 /year). China is followed by the United
States of America (USA), India, Russia, and Japan which contribute 5270, 2467,
1693, and 1205 Mton CO2 /year, respectively.
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Figure 1.3: Global annual emissions of CO2 by continent.
Data source: GCP [7, 8, 9].

Due to the rising trend in CO2 emissions and the alarming situation of the global
warming evidenced, the United Nations Framework Convention on Climate Change
(UNFCCC) agreed to commit and strengthen the actions for a low carbon future.
This agreement was established on 12 December 2015 during the 21st yearly session
of the Conference of the Parties (COP 21), held in Paris. The Paris Agreement longterm goal is to limit the temperature increase to 1.5 ◦ C and to make finance flows
consistent with low GHG emissions [10].
Although, the European Union (EU) has been showing awareness regarding global
warming by making severe regulations to control GHG emissions for years [11, 12,
13, 14], some of them were not strict enough to make a considerable positive impact.
During 2016, only the road transport contributed nearly 21 % of the EU’s total
emissions of carbon dioxide, where around 15% of the CO2 emissions came from
light-duty vehicles (cars and vans) and 25 % came from trucks and buses (heavyduty vehicles). The heavy-duty vehicle’s emissions represented 5 % of the total EU’s
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emissions. [14].
Similarly to GHG, air pollution is considered an environmental problem but also
represents the top one environmental risk to human health, being responsible of one
in every nine deaths annually [15]. Air pollution is commonly classified based on the
environment where it takes place. It can be either indoor (household) air pollution
or outdoor (ambient) air pollution. As can be implied by their names, household
air pollution (HAP) occurs within buildings and structures [16], whereas ambient air
pollution (AAP) covers all the concentration of air pollutants in the atmosphere.
Despite the sources that form the pollutants can vary, harmful substances (i.e.CO2 ,
sulphur dioxide (SO2 ), nitrogen oxides (NOx ), O3 , carbon monoxide (CO), volatile
organic compounds (VOCs), Particulate material (PM), etc.) that promotes air pollution are mostly produced as a side-product of industrial processes and fuel combustion. Furthermore, some of the air pollutants stated above can continue reacting
in the atmosphere forming PM and aerosols (liquid or solid particles with diameters
less than 1 µm). [17, 18]. PMs are classified in PM with an aerodynamic diameter of
10 µm or less (PM10 ), PM2.5 . Most fine particulate matter, PM2.5 , has the greatest
effect on human health, causing lung cancer, rhinitis, acute asthma, chronic obstructive pulmonary disease (COPD), cardiovascular problems, respiratory infections, eye
irritation, among others [18, 17].
In 2016, World Health Organization (WHO) attributed 4.2 million premature
deaths to ambient air pollution due to exposure to fine particulate matter PM2.5
and contributed to 7.6 % of all deaths. Furthermore, stated that 91 % of the world
population was living in places where the air quality did not accomplish the WHO air
quality guidelines [18]. Moreover, it is estimated around 25% of respiratory infection
and (COPD) deaths are caused by outdoor air pollution [18] (see Figure 1.4(a)).
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(a)

(b)

Figure 1.4: Most exposed regions to fine PM and estimated deaths attributed to air
pollution in 2016. (a) Percentage of deaths by disease caused by air pollution. (b)
Most exposed regions to PM2.5 , classified in United Nations geoscheme.
Data source: WHO [18].

According to the modeled annual mean PM2.5 for 2016 published by WHO, the
Northern of Africa, some portions of Western and Middle Africa, Middle East (Western of Asia), and Southern and Eastern of Asia are the most affected regions in the
world. In Figure 1.5, the green zones represents the regions meeting WHO air quality
guidelines (PM2.5 < 10 µg/m3 ), whereas the red zones show the most affected regions.
The mean concentration of PM2.5 the most affected regions is higher than 70 µg/m3 ,
which is more than seven times greater than the standard set by WHO.
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Figure 1.5: Global ambient air pollution in 2016. Modeled annual mean PM2.5
[µg/m3 ]
Taken from [15].

Per the report from WHO [15], Southern of Asia is the most affected geographical
area worldwide, followed by Northern Africa and Eastern of Asia [15, 18]. The last
annual state of Global Air Report found that 4.9 million people died in 2017 from
diseases attributable to air pollution. More than half of these deaths took place in
China and India. Each with a mortality burden of 1.2 million deaths, followed by
Pakistan with 128 thousand deaths [19].
The air pollution in the affected regions of Africa is mostly associated to the
fast population growth, urbanization and industrialization, and the continued use of
biomass as energy source. However, the characteristic diverse climate and seasonal
fluctuations in Africa coupled to the presence of Sahara desert in the north of the
continent also influences the emissions of PM. For instance, a comparative study made
by Eliasson et al. [20, 21] reports that in some cities of Africa (Ouagadougu, Burkina
Faso; Gaborone, Botswana; and Dar es Salaam, Tanzania) soil dust was the main
source of PM2.5 . In 2016, the countries reporting the highest annual mean exposure
to fine PM in Africa were Niger, Cameroon and Egypt with concentrations of 203.7
µg/m3 , 139.7 µg/m3 , and 126 µg/m3 , respectively [18].
In the same way as North Africa, the Middle East region is also strongly affected
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by the air pollution coming from natural sources. Its arid climate dominated by
the desert environment, coasts, and beaches; and its high occurrence of dust storms
promote the transport of soil-dust, salt particles, and sand to the atmosphere [22].
Nevertheless, the extremely fast growth rate of fossil fuel consumption as well as its
inefficient consumption and use is a major source of both GHG and air pollutants
[23]. Saudi Arabia is the second country with highest exposure to PM2.5 in the world
after Niger, and the first one in the Middle East region with 187.8 µg/m3 , followed
by Qatar with 148.2 µg/m3 [18].
Despite some of the sources of air pollution cannot be controlled nor regulate, in
the latest years, continuous regulations and agreements have been adopted [11, 12,
13, 14] to reduce the emissions of GHG and air pollutants. Principally targeting the
contaminants coming from both industrial plants and the automotive industry such
as CO2 , NOx , and PM. The objective of these continuous regulations is to contribute
to the Paris Agreement [10] by reducing to zero the emissions of the entire transport
sector engaging the different sectors of the economy and society, to achieve the netzero GHG emissions by 2050 [14].
To face the environmental issues affecting the climate, environment, and human
health and comply with the transport and industry sector regulations, the use of
blended fuels has been widely adopted in combustion processes. Additionally, efficient
atomization in engines is directly associated with efficient and stable combustion,
which rules the exhaust gas emissions.
An efficient liquid spray is also essential in industrial processes such as spray
combustion, drying, cooling, synthesis of medicines, and heterogeneous reactions involving at least one liquid phase, in which the increase of the surface area of the liquid
could represent a positive impact to the process [24]. For instance, an effective single
component spray results in a boost the combustion efficiency and reduces PM emission in engine combustors, whereas in heterogeneous catalytic processes, the reaction
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rate may be increased by reducing the mass transfer resistance and increasing the
contact area between the reactant and catalyst. The atomization process could be
described in simple words as the continuous disruption or breakup of a liquid body by
the action of internal and external forces to generate small droplets. The breakup of
the liquid occurs once the disruptive forces overcome the cohesive forces in the liquid
[25].
The liquid spray process comprehends three stages, the liquid sheet/jet formation,
the primary atomization, and the secondary atomization (Figure 1.6). The development of a liquid body is highly affected by the characteristics of the nozzle and the
properties of the liquid and the gaseous medium. The primary function of the nozzle
is to induce turbulence in the liquid to create the first disturbances. These disturbances are generated either within the liquid upstream of the nozzle exit or due to
the liquid-air interactions. During the primary atomization stage, the instabilities are
expected to be amplified, favoring the disruptive forces and the liquid disintegration.
Once the disruptive forces overcome the cohesive forces, the continuity of the liquid
sheet is disrupted forming liquid ligaments. Subsequently, ligaments further break up
into droplets known as the first generation of droplets or parent droplets.

Figure 1.6: Morphology of a pressure-swirl spray near the nozzle
Taken from [26].
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The parent droplets formed in the first atomization stage may undergo further
fragmentation since they are subjected to aerodynamic instabilities due to the velocity difference between the liquid and the gas phase. The aerodynamic forces involved
deform the droplets and may lead to fragmentation to form smaller sized drops secondary atomization-. Therefore, the final range of droplet sizes, which play a key
role in the efficiency of industrial processes, is determined by both primary and secondary atomization. Besides, atomization processes carried out in heated atmospheres
Besides, the atomization processes that are carried out in heated atmospheres, e.g.,
in FCC reactors or internal combustion engines, are affected by both aerodynamic
and thermal instabilities.
In addition, when a multi-component fluid, either miscible or immiscible, with
high-volatility differential is atomized in a heated ambiance, evaporative instabilities
could lead to further breakups. The difference in volatility between the components
of the mixture allows the internal nucleation of the most volatile components of the
mixture, once its boiling point is reached. Miglani et al. [27] have suggested that
Darrieus–Landau evaporative instability induces perturbations in the bubble-droplet
interface, that can also lead to volumetric droplet-shape oscillations. Likewise, the
fragmentation can be favored by Rayleigh-Taylor (RT) instabilities as well, due to
the density difference in the interface. RT instabilities can be evidenced when the
spontaneous homogeneous nucleation undergoes [24].
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Figure 1.7: Schematic illustration of puffing (a), micro-explosion (b), and abrupt
explosion (c) events. Taken from [1].

One remarkable feature observed during both the combustion and the evaporation
of these types of fuels is the presence of stochastic events such as puffing, microexplosion, and abrupt explosion, which may lead to the ejection of daughter droplets
[24, 1, 27]. The stochasticity of this process is associated with the nucleation and
the gas nuclei collisions, and determines the characteristics of events as well as the
intensity of the ejections.
In general, these stochastic events result as a consequence of two simultaneous
processes, the nucleation sites formation and the internal convection motion induced
by density and surface tension gradients [28]. Initially, the gas nuclei are produced
due to the boiling of the most volatile fraction. Then, due to the internal circulation,
the small gas bubbles collide more likely forming bubbles with a greater diameter
inside the droplet -coalescence- resulting in the droplet swelling [24]. On the other
hand, the size of a bubble also increases when it is transported from the core of the
drop to the surface, resulting in a droplet swelling as well. Therefore, the size of
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the bubbles is determined either by the internal pressure (Figure 1.7) and the bubble
coalescence.
Although the puffing and micro-explosions events have been experimentally observed for different type of fuel mixtures [1, 24, 27, 29, 30], most of the studies are
descriptive based on qualitative experimental evidence, which is a limitation when
validating numerical models. One of the few investigations quantifying and classifying the events was published by Rao et al. [24]. In this work, the breakup impact
parameter, introduced by Miglani et al. [27], was employed to quantify the modes
and intensity of breakup. The breakup parameter was defined as the ratio of vapor
bubble volume to droplet volume just before the breakup [24, 27]. The breakup was
classified in 4 breakup modes; minor breakup, intermediate breakup, major breakup
and micro-explosion, summarized in the Figure 1.8.

Figure 1.8: Schematic representing the breakup modes proposed by Rao et al.
Taken from [1].

The most significant limitation of the methodology proposed by Rao et al. [24]
is the dependence of measuring the bubble size and the aspect ratio of the ligaments
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visually. Since this method relies on optical measurements, it becomes unfeasible
when several repetitions of experiments are considered for statistical purposes. On
the other hand, this method is limited for the study of transparent fuels, because,
in dark fuels such as crude oils, the vapor bubbles cannot be observed, thence the
breakup impact parameter cannot be measured for such fuels.
In this work, we investigated experimentally the effect of the temperature in the
evaporation of Arabian Light (AL). Additionally, a methodology to study both the
global dynamics and the stochastic events involved in the droplet evaporation is proposed, regardless the composition or physical properties. Furthermore, the droplet
deformations, bubble size, and breakup were identified according to the evolution of
normalized square diameter ((D/D0 )2 ). The stochastic events, such as puffing and
micro-explosions, were identified according to the local minimums found in the derivative signal of (D/D0 )2 , instead of following optically. Subsequently, the magnitude of
the derivative of (D/D0 )2 was employed to quantify and classify the events in breakup
modes. The breakup description presented by Rao et al. [24] was used to calibrate
the breakup intensities, and thus classify the events in the same metric.
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1.1

Objectives and Contributions

The main objective of this thesis is to state a methodology that allows the study of
both the evaporation dynamics and the stochastic processes involved in the evaporation of multi-component fuel droplets.
The contributions of this thesis folds in the following streams:
• To evaluate and analyze experimentally the evaporation of Arabian Light crude
oil.
• To state a procedure to represent mathematically the regression behavior of
complex fuels.
• To develop a quantitative method to identify, measure, and classify the stochastic
events present during the evaporation of complex fuels.
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Chapter 2
Experimental Campaign and Methodology

In this section a detailed description of the experimental campaign and methodology is
provided. The low-viscosity black liquid sample of AL used in this work was provided
by the Saudi Arabian national petroleum and natural gas company, Saudi Arabian
Oil Company (Saudi Aramco).
The first section describes the characterization methods, whereas the second section pictures the experimental setup used for the suspended droplet evaporation tests.
Finally, a novel methodology to study the evaporation of complex multicomponent
fuels is proposed and described.

2.1

Fuel Characterization

First, the viscosity and density of the AL was estimated followed by the fractional distillation. Additionally, the mass loss of AL crude oil as a function of the temperature
was studied by conducting Thermogravimetric Analysis (TGA).

2.1.1

Viscosity and Density

The dynamic viscosity and density of the fuel were measured at 40 ◦ C using a
Stabinger Viscometer SVM 3000/G2 from Anton Paar and following the standard
test method ASTM D7042. From the results, the kinematic viscosity was computed
as:
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ν=

2.1.2

µ
ρ

(2.1)

Fractional Distillation

The fractional distillation was carried out using a setup as the one is shown in Figure
2.1. 100 ml of sample were poured in a 250 ml distillation flask which was connected to
the condenser and a the temperature sensor through a three way adapter. The sample
condensed were collected in a receiving flask located to the outlet of the condenser.

Figure 2.1: Fractional distillation diagram
[31]

First, the sample was heated up using a heating mantle. Once the first droplet
of distillate falls into the receiving flask, the temperature was recorded as the true
boiling point (IBP). Then, the temperature was recorded each time 5 ml of distillate
were collected. As result, the distillation curve was made by plotting the volume
recovered as a function of the vapor temperature.
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2.1.3

Thermogravimetric Analysis (TGA)

The thermal gravimetric analyses were performed on the automated high-resolution
thermogravimetric analyzer, Q5000IR model - from TA instruments. The weighing
precision of this facility was ± 0.01 % with a signal resolution of 0.01 µg. The furnace
infrared-type heating allowed reaching 1200 ◦ C at linear heating rates ranging from
0.1 to 500 ◦ C/min with an isothermal accuracy was ±1 ◦ C. An schematic diagram of
the TGA is shown in Figure 2.2.

Figure 2.2: Diagram of the TGA system

For the thermal degradation studies of AL, about 5 mg of sample was loaded on
a high-temperature platinum sample pan (Platinum-HT, 100 µL). The AL samples
were heated from room temperature up to 900 ◦ C at three different heating rates, 30
◦

C/min, 50 ◦ C/min, and 60 ◦ C/min. All the tests were conducted under a nitrogen

(N2 ) atmosphere (evaporation and pyrolysis). The N2 was supplied through the furnace of the analyzers at a constant flow rate of 50 mL/min with N2 as a purge gas at

32
25 mL/min. As result, the profiles of weight loss of AL crude oil as a function of the
temperature (TG curve) were obtained along with its derivative (DTG curve) by the
data acquisition system.

2.2

Suspended Droplet Evaporation Experiment

The droplet evaporation of AL was held in a temperature-controlled furnace with
optical access coupled with a data acquisition system. The evolution of the droplet
size was performed by implementing computer vision on the visual record obtained
from the data acquisition system. Each feature is describe in the following sections.

2.2.1

Experimental setup

The experimental setup was composed by an evaporation system and a data acquisition system. The evaporation system was composed by a temperature-controlled
furnace, a optically-accessed chamber and a temperature controlled-preheating system for the feed gas. An schematic representation of the experimental setup is shown
in Figure 2.3.
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Figure 2.3: Diagram of experimental setup

The evaporation system consisted of an isolated cylindrical-shaped furnace with
14 cm inner diameter and 43 cm length, connected from the bottom to a preheated
gas-feeding line. Furthermore, an optically-accessed chamber, composed by a quartz
shield, was located on the top of the evaporation system to isolate the droplet from
any possible disturbance from the surroundings. A schematic representation of the
experimental setup is shown in Figure 2.3.
An integrated helically-coiled resistance supplied the heat in the furnace, guaranteeing a constant temperature profile as a function of the height. The temperature of
the system was controlled by a PID control console Thermo Scientific Lindberg/Blue
M - CC58114C coupled to the heater. On the other hand, a bed of beads and a
flow straightener (honeycomb-type) were located just after the gas-inlet, to reduce
the swirling motion caused by the gas expansion and thus get a uniform laminar flow
pattern around the droplet.
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For the evaporation tests, the droplet was suspended on the tip of a thermocouple
and transferred to the evaporation chamber. N2 was used as ambiance gas to prevent
any potential oxidation or burning of the fuel droplet. The inlet flow was controlled
by a Brooks Smart II mass flow SLA5853S controller. Additionally, a temperaturecontrolled SYLVANIA SureHeat JET heating system was installed to preheat the gas.
It incorporated an 8kW heater coupled to a high-speed temperature controller able
to heat the inlet gas up to 760 ◦ C). Both the heating and the preheating systems
were set at the same set-point to avoid temperature gradients throughout the heating
system, ensuring uniform temperature around the droplet.
Before starting the droplet evaporation test, the system was heated up to the desired thermal conditions ensuring uniform temperature along the reactor. Meanwhile,
the preheated N2 was being fed at a constant mass flow rate of 12 g/min. Once the
desired operating conditions (inlet flow and temperature) were achieved, the droplet
of AL of about 2 mm was suspended on the tip of a 75 µm type S (Pt-10%Rh) thermocouple and placed inside the optical chamber while it was being optically registered
at 500 frames per second (fps) by the data acquisition system described below.
The data acquisition system consisted of LaVision Imager Pro HS high-speed
camera coupled with a magnification lens Nikon AF-S Micro Nikkor 105 mm. The
high-speed camera used could record at frame rates up to 1279 Hz at high 4MPx
spatial resolution and allowed to register up to 22400 frames per test. To have visualization and monitor the evolution of the droplet at live and save the images obtained
after the experiment, the data acquisition system was connected to a computer.
In applications which require a high fps the exposure time is a key factor to get a
proper picture. Since the fps set during the experiments were relatively high (higher
than the conventional 26 fps), a high-intensity light source was installed. The light
source used was a Sumita LS-M352 and was calibrated based on the object location
and the position of the camera. Furthermore, a light diffuser was placed between the
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light source and the high-speed camera to scatter the light and get rid of harsh light.
Revise in translator)
On the other hand, the type S thermocouple used to suspend the droplet was
connected to the data acquisition system to register the evolution of the temperature
during the evaporation experiment. The temperature profile measured was recorded
by using LabView acquisition software.

2.2.2

Data Postprocessing

The data postprocessing program developed in this work extracts all the raw frames
obtained during the test, removes the pixels associated to the thermocouple, identifies the contour of the droplet, and measures the number of pixels embodied by the
contour. A computer vision code written in Python language was implemented to perform the image postprocessing that is summarized in the figure shown below (Figure
2.4). Below is the data processing description, including an illustrative representation
of how each operation used was performed.

Figure 2.4: Postprocessing flowchart

36
Initially, the bank of up to 22500 grayscale-frames recorded by the data acquisition
system during each experiment was uncompressed and extracted prior to the postprocessing itself. For the droplet contour identification, a computer vision algorithm
was implemented. Including Erosion and Dilation as the fundamental operations, to
remove the noise found in the raw data and detach the droplet from the suspension
system.
A grayscale-image can be defined as a set of pixels which in turn can be considered
a list of integers. The magnitude of these pixels are defined from 0 to 255, where
0 represents a black pixel and 255 a white pixel. The values between 0 and 255
contemplate all the possible shades between black and white (grayscale). In Figure
2.5(a) and 2.5(b) a 14×21 grayscale picture and its matrix representation are shown.

(a)

(b)

Figure 2.5: Representation of a proposed grayscale image.
(a) Grayscale image. (b) Matrix form (M).

For a grayscale image with dark background and bright objects, Erosion ( ) is
commonly used to blur out the white noise in a picture background (false-positive
pixels or background noise), as well as to detach connected objects by discarding the
pixels near the boundary. Thereby, the size of the objects on the image is affected
as a consequence. In grayscale morphology, Erosion can be represented as follows,
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where f (x) ∈ R and g(x) ∈ G. [32].

(f

g)(x) = inf [f (x + y) − g(y)]
y∈G

(2.2)

On the other hand, Dilation (⊕) is the inverse morphological transformation of
Erosion. Frequently used for removing small holes or defects (discontinuities) found
inside the object (false-negative pixels or foreground noise). Dilation can be mathematically represented by the equation 2.3 where f (x) ∈ R ∪ {∞, −∞}, g(x) ∈ G,
and G ⊆ R [32].

(f ⊕ g)(x) = sup[f (y) + g(x − y)]

(2.3)

y∈R

In a discrete case, where the space of the objective and the structuring functions are bounded, the Infimum operator in Equation 2.2 can be understood as the
minimum value within the structuring kernel K, whereas the Supremum operator
in Equation 2.3 is interpreted as the maximum. Erosion and Dilation are basically
mathematical transformations of an image matrix M−
→M∗ , where M∗ represents the
transformed form of M.
Both transformations scan each pixel of M and compare its value with the neighborhood pixel values inside K. Then, the transformation function replaces the minimum or maximum pixel value found, depending on the type of morphological operation implemented. Therefore, a darker version of Figure 2.5(a) (lower values in M∗
than M) is expected after Erosion and a brighter version, where the high-value pixels
are intensified is expected after Dilation (elements with higher magnitude in M∗ than
M). An illustrative sequence of images are presented in first two sections of Appendix
A to picture the morphological transformation.
In summary, these techniques are effective for handling noisy images by rectifying
the false-positive and false-negatives values that may appear in the picture matrix.
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Since Dilation is the opposite operation of Erosion, it is convenient to conduct this
operation after the image Erosion to restore the original dimensions of the objects in
the frame. Since the background noise and non-relevant objects were already eroded
away, they do not appear in the picture anymore. This process in mathematical morphology, when Erosion is followed by Dilation, is known as Opening transformation.
Nevertheless, the definitions for both Erosion and Dilation, assume bright objects
on a dark background. Therefore, implementing the Erosion and Dilation on the
proposed image, shown in Figure 2.5(a) (which is a rough representation of the suspended droplet pictures studied in Chapter 3), will have the opposite effect. For that
reason, the experiment pictures were initially dilated to enhance the image quality
and detach the droplet from the injection system. As the droplet size was shrunk,
the Dilation was followed by the Erosion to restore the original size of the droplet in
the experiment frames recorded.
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(a)

(b)

(c)

Figure 2.6: Transformation of the proposed grayscale image.
(a) Eroded. (b) Dilated. (c) Dilated-Eroded.

Once the set of images were dilated and eroded, the images were binarized at a
defined threshold. This process consisted on a categorization pixel color by comparing
its value with a threshold, as follows. M∗∗ denotes the morphologically operated
matrix that represents the image after Dilation and Erosion transformations and B
is the binarized matrix of M∗∗ . Since binarization stores each pixel as a single bit, it
converts the grayscale picture into a black-and-white image, i.e. a (0,1)-matrix. In
the binary image, 0-pixels represent the objects in the picture, whereas 1-pixels are
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the background pixels or filling pixels.

B(i, j) =




1 if M∗∗ (i, j) ≤ Threshold

(2.4)



0 if M∗∗ (i, j) > Threshold

After the binarization of the pictures, we proceed to identify the contour of the
droplet in accordance to the procedure proposed by Suzuki and Be [33]; calling their
definition of a border point as a 1-pixel (i,j) having a 0-pixel in its neighborhood,
considering a B&W image. The edge detection is performed by mapping values
of the (0,1)-matrix and labelling them as outer border point or hole border point.
Additionally, the algorithm is able to identify the background and all the surfaces
and holes in the image. Plus, it classifies their edges, either as outer border or hole
border, and establishes the surfaces hierarchy.
In our case only two non-connected objects were found at any frame, the suspension system and the droplet (detached previously by using the Closing transformation,
i.e. Dilation-Erosion). Also, no embedded objects -hole borders- were found. Therefore, the algorithm can be simplified since once a border point is found it immediately
belongs to if outermost border. An easy way to identify the edges and get the pixels
inside the contour is by scanning the values of the pixels around the pixel P(i,j).
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(a)

(b)

Figure 2.7: Contour identification of a binary picture.
(a) Binary image. (b) Binary Matrix.

Suzuki and Be [33] labelling methodology is able to identify and classify all the
foreground structures, but also allows the estimation of the number of pixels embodied
by each surface (see Figure 2.7(b)). Thus, the physical area occupied by each object in
the image can be accurately measured as soon as we know the physical area occupied
by each pixel (pixel resolution) in advance, which can be estimated estimated by
recording an object with known dimensions and measure its size in pixels (calibration).
The flowchart shown below summarizes the image processing for the data bank of n
pictures gotten for all the experiment repetitions:
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Figure 2.8: Detailed data acquisition flowchart
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2.3

Methodology

In this section a novel approach for analyzing the evaporation of complex multicomponent fuels is proposed. First, the suspended droplet evaporation experiments for
a complex fuel in a high-temperature ambiance must be conducted using the experimental setup described previously in Subsection 2.2.1, whereas the experiment
data was processed following the computational procedure described in Subsection
2.2.2. Although this methodology allows us to analyze any parameter or measurement that represents the evolution of the evaporation, we will focus on the evolution
of the(D/D0 )2 .
For a proper data analysis, the suspended droplet experiment must be repeated
until statistical representativeness is achieved, guaranteeing the same operating conditions in each test. Afterward, the data postprocessing described in subsection 2.2.2
is followed for each experiment. As result, a data-matrix can be generated by arranging the output vector obtained after the postprocessing of n experiments. Thus,
the data-matrix will have (n×m) elements, where n is the size of the time vector and
m is the total number of experiment repetitions. Although is not mandatory, it is
recommended to record every experiment at the same fps for the same duration in
order to get equal number measurements per test.
Below a schematic representation of the data-matrix is shown.
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Once the data set is generated, we proceed computing the statistical sample mean
(x) and the sample standard deviation (SD) at each time step. The temporal evolution
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of the x represents the continuum dynamics of the evaporation process, i.e. how the
evaporation would take place in the absence of stochastic events (ideal vaporization).
Furthermore, based on the evolution of the mean, a relevant evaporation description
and estimation can be attached by identifying the phenomena driving the process,
as internal nucleation, diffusion evaporation. On the other hand, by the standard
deviation the limits of the swelling and final the regression can be set.
Regarding the data structure, even if the number of experiments is large enough,
the estimated average can still present noise. The distorting data in the average signal has no physical meaning and can be attributed to the uncertainty in the data
measurements, e.g., data acquisition system, postprocessing, or any other signal interference. To remove this nuisance a signal data filtering can be used. In this work,
the Savitzky-Golay data filter was implemented to smooth the statistical mean of
the (D/D0 )2 . The Savitzky-Golay smoothing filter fits a local n-order polynomial to
a data window around each point of the sample. In comparison to a simple moving average filter, this method smooths the signal preserving the data values and its
position instead of flattening and moving the signal.
After the average is smoothed, the signal can be easily derived to identify and
correlate the process regimes driving the multicomponent evaporation. Additionally,
the peaks found in the derivative profile can be semi quantified by conducting a multipeak Gaussian fit. Finally, by following this methodology, a mathematical expression
that represents the time evolution of the rate of regression as a function of Peak area
(A),time of the center (tc ), and length of time (w) can be obtained, similar to an
Arrhenius expression (see Equation 2.5). The droplet regression profile can be also
gotten by integrating the peaks obtained after performing an optimized multi-peak
Gaussian fit. Thus, the sum shown in Equation 2.6 represents the contribution of the
peak i to the process.
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The stochastic events taking place during the tests such as puffings, micro-explosions,
and abrupt explosions were identified by following the intensities of the jumps, i.e.
β, observed in the experimental signal of (D/D0 )2 of each experiment. Resulting a
scatter-type data is obtained which can be classified in the breakup modes introduced
by Rao et al. [24]. It is highly encouraged to preproccesed he (D/D0 )2 profile in order to remove the white noise with the purpose of not overestimate the number of
events. β was calculated using the Equation 2.7. β has physical meaning only when
its magnitude is less than zero, because of the characteristic abrupt drop after the
breakup. The indexes i and j represents the instant before and after the breakup.

βj =

[D/D0 ]2j − [D/D0 ]2i
tj − ti

(2.7)

The breakup modes were classified according to the magnitude of β. The events
with intensities between 40 s−1 and 60 s−1 were attributed to Mode 1 breakup, whereas
breakup Mode 2 embodied all the events higher than 60 s−1 and less than 100 s−1 .
Breakup modes 3 and 4 were associated to intensities between 100 s−1 to 200 s−1
and 200 s−1 to 500 s−1 , respectively. Although surface vibrations, mainly induced by
bubble coalescence, and small deformations of the droplet are not a breakup mode,
they can be attached to all the events found below 40 s−1 . In this work we use the
notation of Mode 0 for these low-magnitude deformations. In Table 2.1 the breakup
mode classification is summarized. These modes can be classified according either by
the β or the (D/D0 )2 reduction, which is just the numerator of the Equation 2.7.
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Table 2.1: Breakup modes classification.
Mode

β
range [s−1 ]

(D/D0 )2
reduction

0
1
2
3
4
5

< 40
[40, 60]
(60, 100]
(100, 200]
(200, 500]
> 500

< 0.08
[0.08, 0.12]
(0.12, 0.20]
(0.20, 0.40]
(0.40, 1.00]
> 1.00
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Chapter 3
Results and Discussion

In this section, first the fuel characterization results of Section 2.1 are presented,
followed by the results obtained by conducting the droplet evaporation experiment
described in Section 2.2. Finally, a detailed analysis of the complex fuels evaporation
AL, following the methodology proposed in 2.3, is presented.

3.1

Fuel Characterization

The viscosity and density of the AL crude oil were measured at 40 ◦ C following the
standard ASTM D7042 in the Anton Paar viscosimeter. The measured viscosity and
density obtained were 4.4662 mPa·s (RDV1 = 0.03 %) and 0.8434 g/cm3 (RDD2 =
1×10−4 g/cm3 ), respectively. The physical properties are summarized in Table 3.1.
Table 3.1: Physical properties of Arabian Light (AL) oil
following ASTM D7042.
Property

Value

µ [Pa·s]×103
ρ [kg/m3 ]
ν [m2 /s]×103

4.47
843.40
5.30

The AL IBP data obtained following the procedure described in subsection 2.1.2
is shown in Table 3.2. Although 90% of the sample was recovered at the end of the
experiment, only the data that guaranteed the boiling of the sample with no external
1
2

Repeated Deviation for Viscosity limit
Repeated Deviation for Density limit
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gasification due to decomposition of the hydrocarbons were considered. From the data
a 3rd -order polynomial fitting was performed to estimate the extended IBP points.
Based on the Thermogravimetry (TG) profile in air atmosphere, shown in Figure
3.3(b), we noticed that the fuel deposition stage started around 340 ◦ C. For that
reason, only the data points below 340 ◦ C were considered for the polynomial fitting.
Table 3.2: Arabian Light (AL) oil True Boiling Point (TBP) data.
Cumulative volume
distilled [%]

Temperature [◦ C]

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

25
95
134
162
191
218
247
281
310
331
365
389
404
418
423
427
433
444
468

The extended IBP curve was also calculated using the optimized polynomial fitting
presented by Ceron Rodriguez et al. [34] for light oils, and it was compared to the one
obtained by fitting the experimental data to a 3rd -order polynomial. Ceron Rodriguez
et al. [34] proposed polynomial equations for 7 different crude oils, which ranged from
16.9 to 33.7 ◦ API. The polynomial expression presented by Ceron Rodriguez et al.
[34] and the 3rd -order polynomial fitting are shown in Equation 3.1a and Equation
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3.1b, respectively, where X%rec indicates the percentage of volume recovered.

2
3
Topt [◦ C] = 26.959 + 9.2420X%rec − 0.09694X%rec
+ 7.984 × 10−4 X%rec

(3.1a)

3
2
+ 7.211 × 10−4 X%rec
Tf it [◦ C] = 60.031 + 7.594X%rec − 0.0647X%rec

(3.1b)

In Figure 3.1 the experimental distillation data and the extended IBP are plotted.
The glsal initial boiling point (TBP) was 59 ◦ C and the estimated T90 1 by Equations
3.1a and 3.1b were 649 ◦ C and 675 ◦ C, respectively. Although a clear difference can
be spotted between both extended IBP, because the optimized polynomial fitting
presented by Ceron Rodriguez et al. [34] was obtained for a different oil with TBP,
the associated error by estimating T90 from equation 3.1a is less than 4%.

Figure 3.1: Arabian Light (AL) oil True Boiling Point (TBP) curve.
Experimental data (+).

Furthermore, T90 based on the results of TG in air is around 540 ◦ C, which is over
100 ◦ C lower than the T90 obtained from Equations 3.1a and 3.1b. This difference
1

Temperature required to recover 90 % of the initial volume of the sample
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can be explained by considering the internal heat transfer resistances, evolution of the
temperature in the system, and gas transportation. In the TGA test, the internal heat
transfer resistance is negligible compared to the distillation experiment. In the first
one, the amount of sample was considerably smaller and the heat exchange area per
unit of mass was higher than the fractional distillation, where 100 ml of crude where
loaded to the distilling flask and the heating was transferred purely by conduction.
Additionally, the evolution of the temperature in the distillation is controlled by the
liquid-vapor equilibrium, whereas in the TGA the temperature is imposed. Regarding
the gas transportation, the gases produced in the TGA are carried by the advective
flow of purge gas (forced convection), whereas in the distillation, the gases are mainly
transported by the diffusion and gravity after condensation. For the reasons stated
above, the mass loss in the TG driven by both the external heating and the advective
transport of gases promotes a faster mass loss, requiring less energy to vaporize 90%
of the sample in comparison to distillation.

(a) TG N2

(b) DTG N2

Figure 3.2: Thermogravimetric Analysis of Arabia Light crude oil in Nitrogen
atmosphere.
(a) Thermogravimetry profile. (b) Differential thermogravimetry.
Two main stages were identified from the derivative profile of the AL TG in
N2 atmosphere. The first stage called -Devolatilization comprehended a first small
zone (T < 180 ◦ C) showing its maximum peak at 130 ◦ C, 150 ◦ C and 160 ◦ C for
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heating rates of 30, 50 and 60 ◦ C/min, respectively. This zone was attributed to the
evaporation of the extra-light components, which represented a mass loss of about 25
% on average. The second and biggest zone (180 < T ≤ 420 ◦ C) was attributed to
the evaporation of volatile compounds -Devolatilization-. About 70% of the weight
was vaporized at the end of this stage. During the second and final stage -Pyrolysis-,
taking place from 420 ◦ C to 570 ◦ C, the heavy hydrocarbons were decomposed and
cracked, forming a carbonaceous structure at the end. The pyrolysis stage showed the
highest rate of change, with a maximum at around 490 ◦ C. Furthermore, a reduction
close to 20% throughout this stage can be observed in the weight loss curve. After
570 ◦ C, no changes in the mass were found. Around 3.2 % of the sample was fixed
carbon.

(a) TG Air

(b) DTG Air

Figure 3.3: Thermogravimetric Analysis of Arabia Light crude oil in air atmosphere.
(a) Thermogravimetry profile. (b) Differential thermogravimetry,

By testing the sample in an oxidizing atmosphere, three main successive stages
were identified, the low temperature oxidation (LTO) stage, split into earlier LTO
and later LTO, the fuel deposition (FD) stage, and the high temperature oxidation
(HTO) stage. The first peak in DTG in air (see Figure 3.3(b)) was caused by the
earlier LTO (T < 290 ◦ C). The later LTO stage took place from 290 ◦ C to 340 ◦ C.
Then, the residue from the LTO stage was decomposed in the FD stage (340 ◦ C < T
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≤ 530 ◦ C). Subsequently, the heavy fuel components provided by the FD stage were
fully oxidized during HTO (T > 530 ◦ C).
The volatilization took place at the beginning of the earlier LTO. Lighter hydrocarbon components were vaporized below 100 ◦ C. Above 100 ◦ C, both volatilization and
LTO reactions controlled the mass loss. Then, the weight loss rate rapidly increased
during the later LTO stage, due to the dominance of low-temperature oxidation reactions occurring. Likewise, the reaction heat must have increased since exothermic
reactions started leading the mass-loss process. Once the LTO stage ended, the FD
stage started, and thus the weight loss rate decreased due to the decomposition of
the fuel. Finally, the intense oxidation of the heavy-hydrocarbons took place, burning
the sample-heavy fraction.

3.2

Suspended Droplet Evaporation

After the physical characterization of the AL, we executed the computational tool
developed to postprocess the frames. To study the evaporation of AL oil droplets,
experiments at three different temperatures (350 ◦ C, 440 ◦ C, and 570 ◦ C) were conducted. In this work deterministic and stochastic descriptions of the process are
presented separately. The deterministic description was done assuming an ideal evaporation (IE), characterized by the absence of random events. Then, the stochastic
events were identified and classified in breakup modes based on their deformation
intensities.

3.2.1

Contour Identification - Validation

A qualitative validation for the contour detection, in accordance to the methodology
proposed in subsection 2.2.2, is presented in the figure shown below (Figure 3.4). The
underexposure observed in the raw picture sequence (see Figure 3.4(a)) was a side
effect of using a high fps rate, which was required to capture the stochastic events
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occurring during the test. To overcome this issue, the intensities of the pixels of each
frame were rescaled based on the 2 nd and the 98th intensity percentiles. Consequently
a brighter frame sequence, that is shown in Figure 3.4(b), was achieved.

(a) Raw pictures

(b) Processed Pictures

(c) Contoured binary pictures

Figure 3.4: Validation of the postprocessing.
(a) Extracted pictured. (b) Contrast-enhanced picture. (c) Post-processed Pictured.

Although the quality of the pictures was successfully enhanced by rescaling the
brightness, the smaller objects were blurred away after performing the DilationErosion transformation. The fact that the image was morphologically transformed
initially can be considered as a limitation to capture further details during the evaporation process, such as droplets ejected and the thin ligaments. However, these

54
operations were mandatory to detach the droplet from the injection system before
following contour identification and characterization with the methodology proposed.
Regarding the contour identification, a proper edge detection can be seen in Figure
3.4(c), where the gray curve drew is accurately surrounding the droplet contour.

3.2.2

Evaporation of Arabian light oil droplets

Due to the characteristic wide volatility differential of AL crude oil, partial breakups
-puffings-, complete disintegration -micro-explosions-, and/or explosive disintegration
-sudden-explosion- of the droplet are expected during the evaporation tests. Additionally, the frequency of partial breakups is expected to be higher than complete
and explosive disintegration, and the frequency of micro-explosions is expected to be
higher than sudden-explosions. The difference of the last two disintegration modes is
related to the nucleation and bubble growth time scale. In the latter one the superheating limit is reached, which turns into an abrupt increase of the nucleation rate
and unanticipated explosion.
Despite the fact that the evaporation of complex fuels is a stochastic process, some
trends were found at different evaporation stages. According to Rao. et al. [24, 1],
the controlling factors in the intensity and frequency of these events are volatility
differential, temperature and the size and location of the bubble at the onset of the
breakup. However, the last factor cannot be spotted nor optically-measured in opaque
(non-translucent) fuels as crude oils.
The evaporation of AL oil droplets was studied at three different temperatures,
350 ◦ C, 440 ◦ C, and 570 ◦ C. These temperatures were chosen according the TG
behavior of AL in N2 atmosphere (Figures 3.2(a) and 3.2(b)). At 350 ◦ C about 80 %
of the devolatilization stage was done and about 60 % of the sample was vaporized,
including all the lightest components found in AL oil. At 440 ◦ C, the inflexion point
which determined the change from devolatilization to pyrolysis was found; i.e., all the
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volatile components were able to boil at this operating condition. Finally, 570 ◦ C was
chosen to study the effect of the evaporation when both devolatilization and pyrolysis
were taking place, and thus study the droplet regression when chemical reactions are
also influencing the evaporation process.

Droplet evaporation at 350 ◦ C
The suspended droplet evaporation of AL was repeated over 15 times to identify the
major trends during this process. In Figure 3.5(a), the evolution of the (D/D0 )2 at
350 ◦ C is shown. In Figure 3.5(b) two repetitions with high correlation between them
are shown to visualize the evaporation trends. The behavior can be summarized in
three main stages that are driven by nucleation, internal vapor accumulation, and
diffusion evaporation.

(a)

(b)

Figure 3.5: AL oil droplet evaporation at 350 ◦ C.
(a) Experiment repetitions. (b) Two highly-correlated experiments.

In the early stage, where the rapid nucleation is controlling the evaporation, several
peaks with (D/D0 )2 higher than 1 are observed. Since the specific volume of the gases
is 2 to 3 orders of magnitude higher than liquids, the accumulation of bubbles within
the droplet results in the droplet swelling. During the same time period, several peaks
can be noticed in the (D/D0 )2 profile, which are attributed to breakup events. These
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resulting events are the consequence of internal bubbles reaching the surface of the
droplet resulting in the droplet breakup.
Although the evaporation of multicomponent or emulsified is frequently described
based on the temporal evolution of (D/D0 )2 similar to the one observed in Figure
3.5(b), in this work the droplet evaporation of complex fuels was described by studying the behavior of the (D/D0 )2 at each time and the stochastic events separately.
Moreover, the stochastic events were identified, measured, and classified by computing
the discrete derivative of the raw signal (D/D0 )2 , where the local minima represented
the stochastic events and their intensities.

Ideal evaporation (IE)- As mentioned previously in Section 2.3, the evaporation
of complex fuels is divided in the representation of the evaporation in deterministic
and stochastic manners. The deterministic process was studied based on the IE which
was obtained by computing the (D/D0 )2 at each time and assumes an evaporation
process in the absence of stochastic events. Thus, the noise found in the profile of
(D/D0 )2 has no physical meaning. Therefore, a smoothing filter was used to remove
the small fluctuations that can be seen in Figure 3.6. In Figure 3.6(a), the computed
average is shown along with the smoothed profile after performing the Savitzky-Golay
filter. The shadow surrounding the average represents its standard deviation.
Despite the several breakups observed, the nucleation and growth (gas production)
rate at the beginning of the process (t < 3 s) is higher than the regression rate, which
considers both ejections and vaporization. For that reason the (D/D0 )2 steadily
increased reaching a maximum at 3 seconds. After t = 3, the rate of regression is
higher than the nucleation rate, hence the (D/D0 )2 decreased reaching a plateau at t
= 30. After this time, the droplet evaporation is controlled by diffusion, which means
that the process is driven by the difference in concentration. During the intermediate
stage, different dynamics are taking place simultaneously, such as nucleation, bubble
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growth and diffusive evaporation. However, all of these dynamics are happening in a
smaller scale that is not contemplated by the IE.

(a)

(b)

Figure 3.6: Ideal droplet evaporation at 350 ◦ C.
(a) Statistical variables profile (b) (D/D0 )2 smoothed-average and (D/D0 )2
derivative profile.

The rate of change of the smoothed (D/D0 )2 was computed (See Figure 3.6(b)).
When the derivative profile is positive, the droplet is swelling; i.e., the nucleation
rate is higher than the regreesion rate, whereas negative values on the derivative
indicate that the regression controls the evaporation process. As expected, during
the first 3 seconds the nucleation rate increased faster than the regression rate. At t
> 3 s, the rates were equalized and subsequently the regression rate dominates the
evaporation process resulting in the negative peaks. Once the plateau is reached,
the derivative is almost zero, however, it is actually smaller than zero, meaning that
the evaporation controlled by diffusion is smaller compared to the other evaporation
modes. Based on the derivative profile, a multi-peak Gaussian fit was performed
to obtain a mathematical expression that represents the temporal evolution of the
(D/D0 )2 .
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(a)

(b)

Figure 3.7: Gauss fitting for the droplet evaporation at 350 ◦ C.
(a) (D/D0 )2 smoothed-average fitting. (b) (D/D0 )2 derivative profile fitting.
Ten Gauss-type peaks were fitted with a coefficient of determination (r2 ) of 0.999
and reduced chi-squared (χred 2 ) equal to 9.1 × 10−7 . According to the statistical
variables obtained after the fitting, we can conclude that the agreement between the
(D/D0 )2 profiles is accurate. The coefficients of each peak are presented in Table 3.3.
Table 3.3: Gauss fitting parameters at 350 ◦ C.
Peaks

tc
w
A

1

2

3

4

5

6

7

8

9

10

1.52
1.88
0.43

4.84
3.22
-0.31

7.24
1.44
-0.09

10.22
1.73
-0.13

12.24
1.63
-0.07

15.00
1.44
-0.08

17.65
2.35
-0.11

25.12
1.34
-0.04

21.76
3.12
-0.02

29.11
1.60
-0.07

Stochastic events - On the other hand, the stochastic events were analyzed independently and allowed us to measure the intensities of these events based on their β
and to subsequently categorize them in breakup modes. The β was estimated by the
magnitude of the derivative, which is simply the rate of deformation of the droplet.
As can be easily implied, the highest values of β are found at the times where the
signal (D/D0 )2 suddenly drops. In Figure 3.8, a scatter of the breakup events is
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shown. The events are classified based on the categorization summarized in Table
2.1.

Figure 3.8: Stochastic events categorization based on β.

On average, 7 breakup events and 8 surface vibrations or minor deformations
(Mode 0) occur during the evaporation at 350 ◦ C. The proportion of each breakup
mode is presented in Table 3.4. Mode 5 breakups were considered based on the
number of experiments showing abrupt explosions after a sudden swelling.
Table 3.4: Breakup modes proportion at 350 ◦ C.
Breakup
Mode

Proportion
[%]

1
2
3
4
5

25.30
36.00
25.30
9.40
4.00
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Droplet evaporation at 440 ◦ C
Similarly to the droplet evaporation at 350 ◦ C, the evaporation test at 440 ◦ C was
tested 15 different times. The evolution of the (D/D0 )2 is shown in Figure 3.9(a).
From the postprocessed data set, two similar runs were chosen to examine the evaporation trends. In these runs, the diameter increased at a fast rate (see Figure 3.9(b)).
Actually, in one of the repetitions the droplet swelled up until more than 2.4 times
the initial diameter. The (D/D0 )2 showed some fluctuations around the maximum
value and around t = 5 a major breakup - micro-explosion happened. Then, the
diameter of the droplet remained constant until another breakup occurred. Finally,
the droplet was vaporized by diffusion mechanisms.

(a)

(b)

Figure 3.9: AL oil droplet evaporation at 440 ◦ C.
(a) Experiment repetitions. (b) Two highly-correlated experiments.
The evaporation stages determined based on the temporal evolution of (D/D0 )2
were swelling followed by a regression and finally a diffusive evaporation. During
the first stage -swelling-, the nucleation rate dominates the process due to the flash
evaporation of the lighter components in the fuel which reach their boiling points.
Moreover, the natural convection induced by the evaporation allows the vapor bubbles
to reach the surface of the droplet leading to oscillations and/or small ejections.
Therefore, some fluctuations are spotted in this stage; however, the coalescence played
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an important role during the swelling stage. The growth of a bubble within the
droplet, caused by the collisions of small bubbles, is responsible for the major breakup
observed at 5 seconds, reducing the size of the droplet drastically.
Then, the droplet size remains almost constant for about 10 or 20 second until
it breaks up again. During this period of time, the consistency of the fuel becomes
thick, similar to tar. Additionally, the gases stored inside the thick membrane formed
accumulates energy, increasing the gas pressure, which is exerted outwards. Once the
internal pressure overcomes the surface tension of tar-like membrane covering the gas,
the final breakup occurs.
Ideal evaporation (IE)- To have a better understanding of the dynamics driving
the evaporation in the absence of deformations and breakups, the average of (D/D0 )2
was computed and then smoothed using Savitzky-Golay smoothing method, in the
same way as was done for the experiments at 350 ◦ C. The (D/D0 )2 and (D/D0 )2 profiles are shown in Figure 3.10(a) along with the standard deviation, which represents
how the (D/D0 )2 profile can vary.

(a)

(b)

Figure 3.10: Ideal droplet evaporation at 440 ◦ C.
(a) Statistical variables profile (b) (D/D0 )2 smoothed-average and (D/D0 )2
derivative profile.
The droplet evaporation at 440 ◦ C starts with the swelling stage, where the droplet
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diameter increases as an effect of the nucleation and growth controlling the evaporation. During the swelling, the droplet is rapidly heated up causing the formation of
the first gas nuclei due to the internal evaporation of the hydrocarbons with lower
boiling point. According to the Figure 3.10(a), the size of the droplet is expected to
increase between 1.2 and 2.2 times the initial diameter. One important observation
when the (D/D0 )2 profiles at 350 ◦ C and 440 ◦ C are compared is that the maximum
peak in both cases is around 3 seconds.
After few seconds, the concentration of light compounds decreases, and therefore
the nucleation rate diminishes. Hence, the droplet size starts decreasing, which means
that the -regression stage starts taking place. During the regression, the heavy hydrocarbons with boiling points below 440 ◦ C are evaporated and the regression rate
becomes the dominating factor on the evaporation. Lastly, once all the components
that can be boiled are vaporized, the mass loss is purely controlled by the diffusion
evaporation. On the other hand, we dealt with the derivative (D/D0 )2 to find a
mathematical expression that represents the temporal evolution of the (D/D0 )2 . We
adjusted 8 Gauss bell-shaped curves to the derivative (D/D0 )2 . Then, the 8 Gauss
distribution equations (recall Equation 2.5 was integrated to obtain the mathematical
expression that describes the IE of AL at 440 ◦ C).
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(a)

(b)

Figure 3.11: Gauss fitting for the droplet evaporation at 440 ◦ C.
(a) (D/D0 )2 smoothed-average fitting. (b) (D/D0 )2 derivative profile fitting.

The Gauss multi-peak fit performed showed an accurate agreement with the observed data. The coefficient of determination, r2 , and χred 2 computed were 0.992
and 8.1 × 10−5 , respectively. Thus, an appropriate agreement between the (D/D0 )2
profiles was achieved.
Table 3.5: Gauss fitting parameters at 440 ◦ C.
Peaks

tc
w
A

1

2

1.72
1.47
0.68

5.22
1.42
-0.82

3

4

8.20 11.13
1.00 1.71
-0.07 -0.20

5

6

7

8

17.37
1.29
-0.05

19.40
1.26
-0.06

25.18
1.82
-0.04

16.00
2.00
-0.01

Stochastic events - The random events observed during the evaporation were
identified and classified in breakup modes based on the magnitude of β. As was
mentioned before, β is calculated based on the rate of deformation (see Equation
2.7). Equivalently, the breakup modes could be also classified based on the (D/D0 )2
reduction considering the numerator of the same equation. At the very beginning,
the droplet start heating and the first oscillations on the droplet surface are observed.
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Due to the fast formation of the first gas nuclei collide forming bubbles (coalescence)
as a result of the boiling of the lighter hydrocarbons. Thus, the so-called 0-mode
events appear in the scatter plot.
Subsequently, bigger bubbles are formed as the temperature of the droplet rises
causing more intense breakups. For that reason, the micro-explosions (Mode 4) were
observed only after the first two seconds of the experiments and occur for a brief
period of time of about 3-4 seconds (see Figure 3.12). Moreover, the percentage of
4-mode disruptions is lower than the major, intermediate, and minor breakups due
to the inherent high nucleation rate, forming a bubble large enough at the onset of
the breakup. Additionally, the nucleation rate must be high enough to overwhelm
the rate of the regression. That means that while the bubble is growing, the small
ejections and the mass loss taking place at the same time do not affect the swelling
considerably. In other words, micro-explosions happen only if the the energy rapidly
increases and overcomes the surface tension.

Figure 3.12: Categorization of the stochastic events during evaporation at 440 ◦ C
based on β.

At t = 6, no more micro-explosions were observed. At this time, we suggest that
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the lighter components are already depleted and only the components with higher
boiling points but below 440 ◦ C are being evaporated. Since the liquid phase is mainly
composed of heavy hydrocarbons, the density, viscosity, and surface tension of the
fuel are higher, even though these properties decrease with increasing temperature.
Therefore, the gas being formed is covered by a tar-like membrane, meanwhile the
droplet is slowly regressed by the superficial evaporation. Finally, the accumulation of
energy inside the droplet promotes a final breakup that most likely happens after 15
seconds with a high intensity. Based on the experimental evidence, the possibility of
having a major final breakup (Mode 3), intermediate breakups (Mode 2), and minor
breakup (Mode 1) is 50 %, 33 % and 16.7 %, respectively. The events registered during
all the repetitions are plotted in Figure 3.12. The events were classified according to
Table 2.1.
On average, 8 breakup events and 8 surface vibrations or minor deformations take
place during the evaporation at 440 ◦ C. The breakup mode proportions are shown
in Table 3.6. Only one event was classified as Mode 5, which corresponded to the
explosion observed for Run 1 in Figure 3.9(b).
Table 3.6: Breakup modes proportion at 440 ◦ C.
Breakup
Mode

Proportion
[%]

1
2
3
4
5

22.73
30.91
27.27
18.18
0.91

Droplet evaporation at 570 ◦ C
Finally, we proceed to study the evolution of the evaporation at 570 ◦ C. In accordance
to the TG results in N2 atmosphere, 3.2(b)) both physical and chemical processes
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are happening in the process. The evolution of (D/D0 )2 recorded for 30 different
repetitions are presented in Figure 3.13(a). In the same way as was presented for the
other two temperatures investigated, two similar experiments are presented in Figure
3.13(b) to describe the trends observed during the experiments.

(a)

(b)

Figure 3.13: AL oil droplet evaporation at 570 ◦ C.
(a) Experiment repetitions. (b) Two highly-correlated experiments.
Three consecutive stages were identified at 570 ◦ C: the swelling and regression
stages, already explained in Subsections 3.2.2 and 3.2.2, and the residue formation
stage. At this operating temperature, more than 95 % of the sample weight can
be degraded either by devolatilization or pyrolysis (recall Figures 3.2(a) and 3.2(b)).
Initially, during the first 1 to 2 seconds, the droplet size increased extremely fast until
around 1.7 times the initial diameter. Then, (D/D0 )2 decayed reaching a minimum
size equivalent to 20 % of D0 . Finally, another swelling occurred around t = 8 during
the residue formation stage. In this stage chemical reactions control the process. The
remaining hydrocarbons after the regression are pyrolyzed producing a carbonaceous
structure (char) at the end. The swelling is caused by the outward pressure exerted on
the liquid surface by the gases produced because of the cracking of heavy hydrocarbon.
On the other hand, the (D/D0 )2 profiles registered at 570 ◦ C fluctuate with more
frequency than the (D/D0 )2 profiles at 350 ◦ C and 440 ◦ C. The continuous vari-
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ations are related to the fact that gas vapor bubbles are successively formed and
coalesced during both the swelling and regression stages. Furthermore, the induced
internal convection and the reduction of surface tension promotes surface vibrations
and breakups. The high internal convection inside the droplet boosts bubble collisions, and thus the formation of bigger bubbles (coalescence). The reduction of
the surface tension favors low-magnitude breakups, resulting in a reduction of the
breakup Modes 4 and 5. During the final stage of the process, the fluctuation in the
(D/D0 )2 signal disappeared as expected.
Ideal evaporation (IE)- the same procedure followed for 350 ◦ C and 440 ◦ C to
study the IE of AL was implemented at 570 ◦ C. The procedure basically estimates
the average of (D/D0 )2 and filter the signal to remove any possible noise found in
the (D/D0 )2 profile. Both (D/D0 )2 and (D/D0 )2 are shown in Figure 3.14(a). The
SD which is plotted as a shadow surrounding both signals denotes how the real value
can vary trough time. In the other two temperatures studied, the SD tended to
decrease its magnitude with time. However, when the evaporation was tested at
temperatures above the fuel degradation peak (recall Figure 3.2(b)), the SD profile
did not diminish. This behavior of the SD profile is due to the differences in size and
shapes of the amorphous char formed in the last stage. The carbonization is different
from the diffusion evaporation stage, where the sample reached similar volumes and
remain almost constant.
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(a)

(b)

Figure 3.14: Ideal droplet evaporation at 570 ◦ C.
(a) Statistical variables profile (b) Smoothed-average and (D/D0 )2 derivative profile.

In the beginning, the droplet is rapidly heated and both nucleation and surface
evaporation happen. However, the nucleation rate dominates the process during the
first few seconds, therefore the swelling of the droplet is spotted. During the swelling
the droplet is expected to increase around 20 % its initial size. After the swelling,
(D/D0 )2 profile starts decaying reaching its minimum, which is most likely 0.2. Then,
the size remains constant for a short period of time and suddenly its diameter increases
due to the formation of the amorphous carbonaceous residue. The formation of the
char, as was explained above, corresponds to the fuel deposition and full pyrolysis.
Unlike the first two stages, the carbonaceous formation stage is controlled by the
chemical processes.
One can expect a higher maximum value in the swelling stage and a more accelerated rate of nucleation since the temperature is higher. Although the nucleation rate
is actually higher than the other two temperatures studied, the surface regression,
internal convection and surface tension played an important role too. At 570 ◦ C, not
only more components in the surface can be boiled but also the internal convection
is expected to be faster. Therefore, the bubbles formed could reach the surface of
the droplet before forming a bigger bubble. Additionally, lower intensity ejections are
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favored since the surface tension also decreased dramatically with temperature.

(a)

(b)

Figure 3.15: Gauss fitting for the droplet evaporation at 570 ◦ C.
(a) (D/D0 )2 smoothed-average fitting. (b) (D/D0 )2 derivative profile fitting.
Finally, a Gaussian deconvolution of the derivative profile of (D/D0 )2 , shown in
Figure 3.14(b), was done. The fitting of 8 peaks to derivative profile were necessary
to properly represent the evolution of (D/D0 )2 . The agreement between the fitted
and the experimental (D/D0 )2 profiles was verified both visually and statically. For
a visual comparison, both the derivative of (D/D0 )2 and the (D/D0 )2 profile were
plotted along with the function obtained after the deconvolution. In Figures 3.15(a)
and 3.15(b) the comparison is shown. The fitting parameters are summarized in
Table 3.7. Additionally, the correlation was checked by computing r2 and χred 2 ,
whose estimated values were 0.996 and 1.4 × 10−5 , respectively.
Table 3.7: Gauss fitting parameters at 570 ◦ C.
Peaks
1

2

tc -0.92 2.42
w 2.00 1.96
A 1.69 -0.33

3

4

5

6

7

8

5.26
2.00
-0.32

8.41
1.84
-0.19

12.06
1.11
0.05

14.15
4.00
0.08

21.83
1.91
0.07

19.00
2.08
0.02
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Stochastic events - The stochastic events identified are shown in Figure 3.16. In
addition, the intensity of the breakup was estimated considering the magnitude of
the droplet deformation in a period of time, as shown in Equation 2.7. Based on β
and the classification shown in 2.1, the events were classified in breakup modes. It
is important to clarify that the swelling events are not identified or studied in this
work, since they do not affect the secondary atomization.
In the last figure, we can see that 0-mode and 1-mode events appear almost touching the axis of ordinates. Furthermore, the population of 0-mode and 1-mode events
is more dense during the first stage; however, they were observed at during the entire
experiment. Contrarily, breakup modes 3 and 4 took place in a shorter period, from
1 to 15 seconds and from 2 to 9 seconds, respectively. As was mentioned before, for
a major breakup mode to occur, a group of factors must meet such as high nucleation and collision rate, and bubble accumulation. However, the gas accumulation
within the droplet is hardly satisfied at high temperatures since the surface tension
decreases with temperature. For that reason, less energy is required to break the continuity of the surface, hence smaller droplets can produce low magnitude breakups,
and thus releasing the energy concentrated in the droplet. Therefore, the frequency
of low-intensity breakups at 570 ◦ C was higher than the frequency observed at 350
◦

C.
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Figure 3.16: Categorization of the stochastic events during evaporation at 570 ◦ C
based on β.

In general, all the events are more like happening in the beginning of the experiment, since the concentration of volatile components is higher. However, higher
breakup modes are less probable to happen. The droplet is always vibrating and
showing small breakups (modes 0 and 1), either because of the internal motion of the
gas bubbles or as a consequence of the thrust after an intense breakup. 2-mode and
3-mode breakups are more likely happening in the first 14 seconds. Finally, major
breakups are observed only between t ≈ 2 and t ≈ 10. Evidently, as the intensity
of the breakup increases, the range of time decreases. After comparing Figures 3.8,
3.12 with Figure 3.16, we noticed that at lower temperatures (350 and 440 ◦ C) the
behavior of the events is more chaotic and disordered than the behavior at 570 ◦ C,
which is organized and well distributed. In fact, a decreasing-trend is observed in
their proportions (see Table 3.8). Moreover, the shape of the events is remarkably
similar to a Rayleigh distribution curve.
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Table 3.8: Breakup modes proportion at 570 ◦ C.
Breakup
Mode

Proportion
[%]

1
2
3
4
5

35.70
33.28
25.26
5.59
0.15

On average, 23 breakup events and 24 surface vibrations or minor deformations
were registered during the evaporation at 570 ◦ C. Regardless, the second swelling
spotted at the end of the test. The breakup mode proportions is summarized in
Table 3.8. In the 30 repetitions conducted, only one event was classified as Mode 5.

3.2.3

Effect of temperature on the evaporation of Arabian
light oil droplets

The effect of ambient temperature on the IE and randomness of the evaporation was
assessed. In summary, during the IE, three consecutive stages were identified: the
swelling, the regression, and the diffusion evaporation or the carbonaceous residue
formation stage. During the first two stages (swelling and regression), the nucleation
and surface evaporation dynamics are taking place. However, during the swelling,
the rate of nucleation and growth (i.e. internal boiling) is higher than the surface
evaporation. At some point, the rate of nucleation starts decaying since the concentration of volatile components decreases, and the process is controlled mostly by
surface evaporation.
Nevertheless, the third and final stage controlling the process depends on the surrounding temperature. Below 440 ◦ C, evaporation by diffusion controlled the droplet
regression, in which the fuel components transported from the droplet surface, where
the concentration is high, to the surrounding atmosphere, where the concentration
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is low. Above 570 ◦ C, fuel deposition, where the heavy components were degraded,
controlled the process. Therefore, chemical reactions (pyrolysis) dominate the final
stage producing at the end an amorphous carbonaceous residue.
Due to the complexity of the fuel and the different dynamics happening simultaneously, a clear trend could not be spotted. However, the experimental observations
allowed us to highlight important features of evaporation based on the behavior of
(D/D0 )2 and its derivative signal.
1. During the swelling, at 440 ◦ C the droplet size increases more than at 350 ◦ C
and 570 ◦ C.
The mean droplet size increases to a maximum of about 1.65 times the initial
diameter when it is tested at 440 ◦ C, whereas at 350 ◦ C and 570 ◦ C it only reach
about 1.3 and 1.2 times the initial diameter, respectively. At 350 ◦ C the number of
components that could reach their boiling point is less compared to 440 ◦ C; therefore,
the internal boiling is more favored at 440 ◦ C. On the other hand, at 570 ◦ C first, all
the components can be gasified either by physical or chemical processes. Although a
swelling is observed in the beginning, the surface evaporation is playing an important
role during the whole evaporation.
2. At 440 ◦ , a sudden decrease of (D/D0 )2 after reaching the maximum was observed.
The sudden decrease observed after reaching the maximum swelling is a consequence of the local dynamics happening; i.e., the repetitive breakups spotted at t
= 5. The high-magnitude breakup observed at this time represented a meaningful
reduction in (D/D0 )2 , which means a significant mass loss.
3. Similar regression rates are found at 350 ◦ C and 440 ◦ C.
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Although the droplet reaches different sizes in the swelling peak, at both temperatures 350 ◦ C and 440 ◦ C the peaks were reached around 3.5 seconds. Additionally,
between t = 7 and t = 25 the regression rates were similar (3.17(a)) despite the difference in temperature. The last statement can be corroborated by the similarities in
the peaks obtained for the derivatives (3.17(b)).
4. At 570 ◦ C, the peak attributed to the swelling is not observed, instead it starts
at a maximum and decreases rapidly.
When the droplet evaporation is tested at 570 ◦ C, the droplet only increases about
1.2 times the initial diameter and then decreases at a faster rate than 350 ◦ C and 440
◦

C. This behavior is easily detected in the derivative profile of (D/D0 )2 , since the first

peak, which represents the swelling, decays from the very beginning. This statement
is physically explained by the fact that more than 95 % of the fuel is vaporized at
570 ◦ C (recall 3.2(a)). Thus, the rate of surface evaporation is playing an essential
role in the process, favoring the rapid regression of the droplet.

(a)

(b)

Figure 3.17: Effect of temperature on ideal droplet evaporation.
(a) (D/D0 )2 smoothed-average profile. (b) (D/D0 )2 derivative profile.

The stochastic events observed during the evaporation of AL are the consequence
of local dynamics happening inside the droplet that cause evaporative instabilities at
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the vapor-liquid interface. One way to distinguish between the dynamics leading the
IE and those leading the stochastic events is the level of observation. The evaporation
stages (global observations), such as swelling and continuous regression, are caused
by internal boiling and surface evaporation. However, internal boiling and surface
evaporation are the consequence of the local dynamics such as nucleation and bubble
growth.
The major local dynamics controlling the stochastic events and determining the
intensity of breakup events are the nucleation rate and the bubble growth. Besides
the internal evaporation rate, the surface tension and internal convection motion are
also controlling factors during the puffing and micro-explosion events. Locally, the
droplet is heated and forming the first nuclei, which collide between them to produce
greater vapor nuclei. Simultaneously, the vapor cores are being moved within the
droplet due to the internal convective motion, favoring both the bubble growth and
the transport to the surface.
This random-process is profoundly affected by temperature (see 3.18(a). First,
higher temperatures promote more molecule collisions, which is resembled by the
vapor nuclei. Second, surface tension is a temperature- and concentration-dependent
property, when multi-component fuels are considered. Therefore, we could divide
the effect of the surface tension in two points. Initially, the surface tension tends
to decrease due to the fuel devolatilization, favoring puffing and micro-explosions.
At some point, the fuel will have lost most of its light hydrocarbons, and the surface
tension will increase, although the temperature is high. The increase in surface tension
means the availability more energy to break up the continuity of the droplet surface,
thus allowing the accumulation of energy within the droplet due to the evaporation
of the heavier hydrocarbons. The evidence of the increase in the surface tension was
the late breakup observed at 350 ◦ C and 440 ◦ C.
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(a)

(b)

Figure 3.18: Effect of temperature on the stochastic process.
(a) Average breakups as function of temperature. (b) Proportion of breakup modes
at different temperatures.

The effect of temperature on the breakup events is summarized in Figure 3.18(a).
It is evident that the temperature is playing an essential role in the breakup frequency.
Additionally we can highlight three main findings based on these measurements:
1. The frequency of the breakups varies exponentially with temperature.
2. At 350 ◦ C and 440 ◦ C, more propensity for 2-mode breakups is spotted.
3. At 350 ◦ C and 570 ◦ C, the propensity for 4 and 5 breakup modes decrease considerably in comparison with 440 ◦ C.
The effect of temperature not only promotes more breakups but also favors lower
magnitude breakups. Physically, the increase in temperature allows the increase in
puffings and micro-explosions in the early stage of the evaporation since the surface
tension decreases. Therefore, the bubbles that reach the droplet surface can easily
promote perturbations that are easily amplified and thus breaking surface continuity.
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Chapter 4
Concluding Remarks

In this work, we proposed a method that allows the study of the evaporation of complex multi-component fuels considering both the deterministic and the stochastic processes. The deterministic process, i.e., ideal evaporation, was successfully described
based on the evolution of (D/D0 )2 . Additionally, we showed that the process must be
separated into evaporation stages in order to properly identify the dynamics driving
the process. During the swelling, the nucleation rates were the determining factor,
whereas, in the regression stage, the fuel distillation controlled the vaporization.
Furthermore, we estimated the influence of each identified evaporation stage by
deriving the (D/D0 )2 signal. The swelling and the distillation rate were determined by
the first positive peak and all the negative peaks, respectively. Also, a Gaussian multipeak fit was successfully implemented to quantify the contribution of each evaporation
stage and to represent the evolution of the (D/D0 )2 profile mathematically.
The vaporization of complex fuels is remarkably boosted by the stochastic events
taking place during the process. Thus, we implemented a procedure that accurately
classified into the breakup modes the stochastic events observed during the evaporation of AL. The automatized method we proposed in this work efficiently sorted the
stochastic events based on the magnitude of each β, instead of measuring optically,
the thickness of the ligaments, or the bubble in the pre-breakup instant.
The effect of the temperature was assessed for both the IE and the stochastic
events. At 440 ◦ C, the swelling stage is favored as well as the breakup mode 4
compared to higher and lower temperatures. At temperatures where almost all the
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components can boil, the swelling is remarkably lower than 440 ◦ C, but the breakup
frequency increases drastically, favoring the evaporative instabilities and thus the
secondary atomization. From the stochastic point of view, at 570 ◦ C, low-intensity
breakups are favored since the coupled effect of high nucleation rate and lower surface
tension.

4.1

Future Research Work

As future work, the methodology presented will be followed for simpler fuel mixtures, with well-known physical properties. Thus, the physical properties and the
evaporation dynamics can be connected, giving physical meaning to terms of the
mathematical expression obtained after the Gauss multi-peak fit procedure. This
way, the evaporation studies of this type of fuel would enhance the phenomenological
description of the evaporation, useful to propose and validate theoretical models that
describe this complex process.
On the other hand, an improved computer vision program will be developed and
implemented to not only assess the evolution of the droplet size but also to count
the number of ejections, following their respective sizes. These measurements would
represent an important improvement to estimate the mass loss due to ejections during the secondary atomization. Additionally, detailed insight on how the operating
conditions and fuel composition promotes the stochastic events could be attached,
both in terms of frequency and intensity.
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APPENDICES

A

Morphological Transformations

To illustrate the effect after Erosion and Dilation transformations, consider the 14×21
grayscale-image matrix shown in Figures 2.5(a) and 2.5(b) and the proposed 3×3
structuring kernel K presented below. As it was mention before, the structuring
kernel scans the elements row by row and replaces the maximum or minimum value
found on a transformed matrix M∗ . As a result, the image obtained M∗ is a darker
version of M after Erosion or a brighter version after Dilation.
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A.1

Erosion Transformation

Figure A.1: Erosion transformation.
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A.2

Dilation Transformation

Figure A.2: Dilation transformation.

