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To my mother

“You, me, or nobody
is gonna hit as hard as life.

But it ain’t about how hard you hit.
It’s about how hard you can get hit

and keep moving forward;
how much you can take

and keep moving forward.”

– Rocky Balboa (2006)
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Abstract
On Thursday 28 November 2019, the European Union (EU) Parliament declared
a global climate and environmental emergency, with 429 out of 654 votes in favour
of immediately taking action against global warming by implementing ambitious
actions to limit the average temperature rise to 1.5°C. The commitment of the
EU implies a reduction of 55% in the CO2 emissions by 2030 to become climate
neutral by 2050. As indicated by the BP Energy Outlook 2019, the world final
energy demand by end users is expected to increase in the next decades, with
around 80% of this energy coming from carbon-containing fuels: Oil, Natural Gas
and Coal. The data published by the EU revealed that the share of renewable
energy in 2017 was 17.5%, with the total energy consumption growing for third
year in a row to reach 1561 Mtoe, in line with a worldwide trend that augmented
CO2 emissions in a 2.7% in 2018 with respect to the values of 2017.

Even if the plan of the EU is achieved, by 2030 only 27% of all the energy
consumed will come from Renewable Energy Sources (RES). The remaining
energy will necessarily come from the increasingly large range of greener fuels
(hydrogen, ammonia, biofuels, synthetic natural gas and other synthetic fuels as
DME), with a much better carbon footprint than heavy hydrocarbons (gasoline,
diesel and coal), and they should be used as efficiently as possible to achieve the
target of reducing by 55% the emissions of greenhouse gases by 2030.

In this thesis we focus in ethanol C2H5OH, byproduct of plant fermentation that
is been extensively used in engines to lower Green House Gas (GHG) emissions.
In most practical applications, the fuel or mix of fuels are injected as a spray
inside the combustion chamber, forming a cloud of small droplets that evaporates,
first, mixing with the surrounding ambient air before the flame is formed either
by autoignition or with the help of an external source of heat. In this thesis we
will study in detail the transient one-dimensional evaporation and combustion of
an isolated ethanol droplet immersed in a hot and humid atmosphere.

In Chapter 2 of the thesis we formulate the problem, writing the system of
equations that describes the whole evaporation and combustion process, using
first principles only and, intentionally, avoiding the utilization of semi-empirical
correlations or ad-hoc fitting parameters often used in the literature to improve
the matching between numerical simulations and experimental measurements.

Chapter 3 deals with pure evaporation of spherically-symmetric multicomponent
ethanol droplets in an inert ambient. After performing a exhaustive validation of
both the model and the numerical code used to integrate the system of equations,
we theoretically determined the different characteristic times of the evaporation
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process setting the limits of validation of the classical d2-law, according to which
the square of the droplet diameter decays linearly with time. This theory is valid
in the limit in which the heat conductive time in both the liquid and gas phases
is much shorter than the droplet lifetime. Even though this limit is valid in small
droplets, we demonstrate in this chapter, using both theoretical and numerical
arguments, that this hypothesis is only valid for sufficiently small droplets or
ambient temperatures close to the boiling temperature of the liquid phase, when
the radiation from the gas surrounding the droplet can be neglected. As the
droplet radius and/or the ambient temperature are increased, radiative heating
gains relevance, deviating the droplet evaporation rate from the predictions of
the d2-law. Moreover, the characteristic radiation time, defined as the time
needed to evaporate the droplet using only the heat radiated from the ambient,
becomes comparable to the characteristic heat conductive time of the liquid
phase, suggesting that the heating of the liquid fuel is not quasi-steady. This
chapter also analyses the effect of water content and ambient moisture in the
evaporation rate of ethanol droplets. Their effect is opposed regarding the
vaporization rate of ethanol, with moisture reducing the time needed to vaporize
the liquid fuel. On the other hand, both the presence of ambient humidity and
water in the droplet content would increase the droplet lifetime, mainly as a
consequence of a lower vaporization rate induced by the large concentration of
water in the droplet during the last stages of the vaporization process.

In Chapters 4 and 5 we turned our attention to droplet autoignition and
combustion. Droplet combustion is a complex unsteady phenomena that involves
autoignition and rich and lean unsteady premixed and diffusion flames. The
description of such complicate phenomena requires the utilization of detailed
combustion chemical kinetics, hundreds of elementary reaction steps and radical
species to make the calculations accurate but, also, computationally very expen-
sive. To cut the cost of the calculations, it is normal to use skeletal or reduced
chemical schemes. Nevertheless, they are usually developed to describe some
specific combustion configurations that are not capable of describing the complex
dynamics undergone by the flame after the sudden autoignition event. For that
reason, Chapter 4 is dedicated to develop a multipurpose reduced chemical
scheme, that involves only 14 overall steps among 16 reactive chemical species,
capable of describing autoignition, premixed and diffusion flames and extinction.
The new mechanism is derived by introducing chemical-kinetic steady-state
approximations for the relevant intermediate species, using, as starting point, a
skeletal mechanism of 66 steps and 31 chemical species. The reduced chemistry
description here described achieved computation time savings of 93 % when
compared with the computational time of the detailed mechanism.

Finally, in Chapter 5 the reduced mechanism is used to study the conditions
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that would lead to droplet autoignition. During the simulations it was found
that the reduced mechanisms developed in Chapter 4 predicted accurately
autoiginition times but, after ignition, during the transition to the quasi-steady
droplet combustion, the simulations with the reduced mechanism stalled, giving
nonphysical values of species concentrations. Detailed analysis of the flame struc-
ture revealed that the quasi-steady hypothesis fails for the intermediate radical
α-hydroxyethyl. After taking this radical out of the steady state, a modified and
more robust reduced mechanism of 15 steps and 17 reactive chemical species
was capable of completely describing the unsteady combustion of ethanol droplets.

Our numerical results depicted a map that defines the critical ambient tempera-
ture T c∞ below which autoignition can not take place. In ambient temperatures
below T c∞, the droplet evaporates completely before ignition. For sufficiently
large ambient temperatures T∞ > T c∞, the autoignition event suddenly raised the
temperature to form a lean premixed flame that propagates towards the droplet
surface consuming all the available oxygen before bouncing back as a diffusion
flame, that evolves to reach a quasi-steady state.

Additionally, we analyzed the effect of the droplet water content and of the am-
bient moisture and their effect on the autoignition time, to discover that ambient
humidity accelerates droplet autoignition while the initial droplet water content
delays the beginning of combustion. The analysis extends to describe the struc-
ture of the quasi-steady flame structures that emerge during the last stage of
the combustion process. The flame is located at a distance that ranges between
three and seven times the initial droplet radius, comparable to the inter-droplet
distance in sprays. Surprisingly, the reaction region turns out to be much thicker
than expected, with a chemically active region that spans distances of the order
of several droplet diameters. This result contrasts with previous results and ques-
tions a great number of theoretical and asymptotic studies that assumed infinitely
thin reaction regions.





Resumen
El jueves 28 de noviembre de 2019, el Parlamento Europeo declaró le emergencia
climática y medioambiental con 429 votos de 654 a favor de tomar medidas
inmediatas contra el calentamiento global mediante la ejecución de acciones
ambiciosas para limitar el aumento de la temperatura media a 1.5oC. El
compromiso de la Unión Europea (UE) implica una reducción del nivel de
las emisiones de CO2 del 55% para el año 2030 con el objetivo de llegar a
la neutralidad climática en 2050. Como se indica en el informe BP Energy
Outlook 2019, se espera que la demanda de energía por parte de los usuarios
finales aumente en las próximas décadas, con un 80% de esta energía adicional
proveniente de combustibles con carbono: petróleo, gas natural y carbón. Los
datos publicados por la UE revelan que las energías renovables aportaron
en 2017 un 17.5% del total de una energía consumida que creció por tercer
año consecutivo alcanzando 1561 Mtoe, en línea con la tendencia mundial que
provocó un aumento de emisiones de CO2 de un 2.7% en 2018 con respecto a 2017.

Incluso si las previsiones de la UE son correctas, en 2030 sólo el 27% de la
energía consumida provendrá de Fuentes de Energía Renovables (FER). El resto
de la energía provendrá necesariamente del cada vez más amplio catálogo de
combustibles verdes (hidrógeno, amoníaco, biocombustibles, gas natural sintético
y otros combustibles sintéticos como el DME), con una huella ambiental mucho
menor que los hidrocarburos pesados (gasolina, gas-oil y carbón), que deberían
ser utilizados con la mayor eficiencia posible para lograr el objetivo de reducir
las emisiones de gases de efecto invernadero (GEI) en un 55% en 2030.

En esta tesis centraremos nuestra atención en el etanol C2H5OH, obtenido
en la fermentación de plantas, y que es ampliamente utilizado en motores
para reducir las emisiones de GEI. En la mayoría de las aplicaciones prác-
ticas, el combustible, o la mezcla de combustibles, es inyectado en forma
de spray en la cámara de combustión, formando una una nube de pequeñas
gotas que primero se deben evaporar, mezclándose a continnuación con el aire
antes de que se genere la llama, bien por autoignición o mediante ignición
forzada. En esta tesis estudiaremos en detalle la evaporación y combustión
no estacionaria de una gota esférica de etanol en una atmósfera caliente y húmeda.

En el capítulo 2 de la tesis formularemos el problema general, escribiendo
el sistema de ecuaciones que describe el proceso completo de evaporación y
combustión, utilizando sólo primeros principios y evitando, intencionadamente,
la utilización de correlaciones semi-empíricas o parámetros de ajuste ad-hoc
utilizados a menudo en la literatura para mejorar la concordancia entre los

xi



xii Resumen

resultados de las simulaciones numéricas y las medidas experimentales.

El capítulo 3 está dedicado al análisis, en condiciones de simetría esférica, de la
evaporación pura de una gota de etanol con varios componentes en una atmósfera
inerte. Se realiza una validación exhaustiva de los modelos y del código numérico
utillizado para integrar el sistema de ecuaciones y se determinan los diferentes
tiempos característicos presentes en el proceso de evaporación, indicando los
límites de validez de la clásica ley d2, de acuerdo con la cual el cuadrado del
diámetro de la gota decae linealmente con el tiempo. Esta teoría es válida en el
límite en que los tiempos de conducción de calor en las fases líquida y gaseosa es
mucho menor que el tiempo de vida de la gota. Utilizando argumentos teóricos
y numéricos, en este capítulo demostramos que este límite es válido cuando la
radiación incidente en la gota es despreciable, lo que ocurre solo para gotas
pequeñas y cuando la temperatura ambiente es cercana a la temperatura de
ebullición de la fase líquida. A medida que el tamaño inicial de la gota y/o la
temperatura ambiente aumentan, el calentamiento por radiación se hace más
importante y la velocidad de vaporización difiere de las predicciones de la ley
d2. El tiempo característico de evaporación por radiación, definido como el
tiempo necesario para evaporar la gota considerando únicamente el efecto de la
radiación, se hace comparable con el tiempo característico de conducción de calor
en la fase líquida, sugiriendo la posible no estacionariedad del calentamiento de
la fase líquida dentro de la gota. En este capítulo también se analizan los efectos
del contenido inicial de agua en la gota y de la humedad ambiente sobre la
velocidad de vaporización de las gotas de etanol. El efecto de estas dos variables
en la velocidad de vaporización es opuesto, con la humedad ambiente reduciendo
el tiempo necesario para vaporizar el combustible líquido. Por otro lado, tanto
la presencia de agua en la gota como la humedad ambiente aumenta el tiempo
de vida de la gota a causa de una menor velocidad de vaporización, asociada a la
alta concentración de agua en las últimas etapas del proceso de evaporación.

En los capítulos 4 y 5 centraremos la atención en la autoignición y combustión
de gotas. La combustión de una gota es un complejo fenómeno no estacionario
que implica ignición (autoinducida o forzada), llamas ricas y pobres de premezcla
y llamas de difusión no estacionarias. La descripción de un fenómeno tan
complicado requiere la utilización de una química detallada, que implica cientos
de reacciones elementales y especies, para lograr una descripción precisa que lleva
asociada un elevado coste computacional. Con el fin de aligerar el consumo de
recursos de cálculo, se suele utilizar cinéticas mínimas, en las que se elimina de la
cinética detallada las reacciones y especies que no juegan un papel importante,
o bien cinéticas reducidas en las que el coste es incluso inferior al introducir la
hipótesis de estado estacionario para ciertos radicales minoritarios. Normalmente,
estas cinéticas se desarrollan para la descripción de configuraciones específicas de
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combustión y no son capaces de describir la compleja dinámica de la llama tras
la súbita autoignición. Por esta razón, el capítulo 4 está dedicado al desarrollo
de un mecanismo reducido multipropósito formado por tan sólo 14 reacciones
globales y 16 especies reactivas, capaz de describir adecuadamente la autoignición
y las llamas premezcladas y de difusión, así como su extinción. El mecanismo
reducido aquí desarrollado se obtiene mediante la introducción de la hipotesis
de estado estacionario para las especies intermedias apropiadas, utilizando como
punto de partida un mecanismo mínimo formado por 66 reacciones elementales
y 31 especies químicas. La cinética reducida obtenida consigue reducciones de
tiempo de cálculo del 93% respecto al mecanismo detallado.

Finalmente, en el capítulo 5, el mecanismo reducido desarrollado se utiliza para
estudiar las condiciones que producen autoignición. Al realizar las simulaciones
numéricas, se encontró que el mecanismo reducido desarrollado en el capítulo
4 predecía satisfactoriamente los tiempos de autoignición pero, después de
la misma, durante la transición hacia la combustión casi-estacionaria, las
simulaciones fallaban y se obtenían valores no físicos para las concentraciones
de las especies. Un análisis detallado de la estructura de la llama mostró que
la hipótesis de estado estacionario falla, en estas condiciones, para el radical
intermedio CH2CHOH. Eliminando la hipótesis de estado estacionario para esta
especie se obtiene un mecanismo reducido modificado más robusto, con 15 pasos
y 17 especies reactivas, capaz de describir la combustión no estacionaria de una
gota de etanol.

Mediante simulación numérica hemos obtenido un mapa de autoignición que
define la temperatura ambiente crítica T c∞ por debajo de la cual la autoginición
no tiene lugar. A temperaturas ambiente por debajo de T c∞, la gota se evapora
completamente antes de la autoignición, mientras que para temperatura ambiente
suficientemente alta T∞ > T c∞, la autoignición genera un frente de llama pobre
que se propaga hacia la gota consumiendo todo el oxígeno disponible antes de re-
botar como una llama de difusión que evoluciona hacia un estado casi-estacionario.

Además, se ha analizado el efecto del contenido inicial de agua en la gota y de
la humedad en el ambiente sobre el tiempo de autoignición, hallándose que la
humedad ambiente acelera la autoignición mientras que, por el contrario, el agua
contenida inicialmente en la gota retarda el inicio de la combustión. Tras la
autoignición, el análisis se extiende para describir la estructura casi-estacionaria
que surge durante la última etapa de la combustión de la gota. La llama se sitúa
a una distancia entre tres y siete veces el radio inicial de la gota, comparable
a la distancia entre gotas en sprays. Sorprendentemente, la zona de reacción
resulta ser mucho más gruesa de lo esperado y la zona químicamente activa se
extiende varios diámetros de gota. Este resultado contrasta con resultados previos
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y cuestiona un gran número de estudios teóricos y asintóticos que consideran el
límite de llama infinitamente delgada.
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Subscript and superscript

′′ Per unit of area, 1/r2

0 Initial condition

β Phase (liquid, gas or inter-
face)

˙ Derivative thought time,
d/dt

` Liquid phase

∞ Ambient condition

b Boiling point

g Gas phase

s Interface
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1.1 The carbon dioxide problem

At present, it is possible to identify three main causes to shift the traditional
carbon fuel based economy into a greener one. The first one is the availability of
petrol based fuels. The second one is the environmental problem associated with
the emissions of Green House Gases (GHG), mainly CO2, as a consequence of the
utilization of hydrocarbon fuels. A third, local, reason would be the reduction
in contaminants generated locally by the combustion of hydrocarbons in the ever
more populated cities. The gradual substitution of fossil hydrocarbon fuels by
renewable energy sources is the strategy adopted by most of the governments
against climate change [1].

Even though CO2 is not harmful by itself to humans, there is a great concern due
to the strong demonstrated correlation between the atmospheric concentration
of CO2 and the increase observed in the average temperatures during the last
decades. GHGs are characterized by their high absorption of infrared radiation
heat, capturing part of the solar radiation that reaches the Earth that would

1



2 Introduction

otherwise be reflected to outer space and, consequently, contributing to the ob-
served atmospheric temperatures increase. GHGs include, among others, water
vapor, CH4, NO and CO2, see Fig. 1.1. Even though CO2 has not the highest
global warming potential, at present it is responsible of two-thirds parts of the
total energy absorptance in the atmosphere [2]. Increasing of atmospheric CO2
concentration also increases the CO2 concentration in the ocean water, where
acidification affects the global ocean ecosystem.

The CO2 concentration in the atmosphere is the result of the balance between
production (animal and vegetable respiration and other natural emissions) and
consumption (ocean reservoir,vegetation biomass and soil). In Fig. 1.1 the corre-
lation between CO2 atmospheric concentration and average atmospheric temper-
ature over the past 800000 years is shown, with CO2 levels that oscillate in the
band between 150 and 300 ppm. In this figure, the glacial ages can clearly be
identified.

Figure 1.1: Atmospheric CO2 concentration evolution through history in the last
800000 years and major greenhouse gases effect on warming, source NOAA Climate.gov
[2].

In Fig. 1.2 we show the detailed evolution of the CO2 in the past 2000 years.
The level of carbon dioxide in the atmosphere remains constant at about 270
ppm until an exponential increase started around year 1800. The origin of this
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increase has been controversial, but wide consensus attributes it to the beginning
of the industrial revolution (1760-1820), with the invention of the first practical
steam engine (MacKay [3]) in 1769. It seems clear today that human actions had
an effect in the climate through the atmospheric CO2 concentration levels. The
global maximum of atmospheric CO2 concentration of the last 800000 years was
reached this year (411.35ppm, August 5, 2019) [4]. Impressive as this datum is,
the tendency is even worst as it seems, observing Fig. 1.2, that this maximum
will soon be surpassed.
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Figure 1.2: Atmospheric CO2 concentration evolution for the last millennial. CO2
concentration data of air trapped in ice cores were obtained from D. MacKay recompi-
lation [3] and recent data of NOAA Earth System Research Laboratory [4] was added.

The above reasons are just a few that point to human-related production of CO2
from burning fossil fuels which has been in the last 200 years the main source of
energy. Alternatives to energy production need to be found to reduce the GHGs
while maintaining the standards of living.

1.1.1 Present and near future plans to reduce carbon diox-
ide emissions

For the above-mentioned reasons, the governments established a series of mea-
sures to limit the global warming in a 30 years framework. On Thursday 28
November 2019, the European Union (EU) Parliament declared a global climate
and environmental emergency 1, with 429 out of 654 votes in favour of immedi-
ately taking action against global warming by implementing ambitious actions to
limit the average temperature rise to 1.5°C. The commitment of the EU implies

1The information about the EU declaration can be found here
https://www.europarl.europa.eu/doceo/document/TA-9-2019-0078_EN.pdf
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a reduction of 55% in the CO2 emissions by 2030 to become climate neutral by
2050.

Each member state must reach a minimum of energy production of 20% from
renewable sources by 2020 and 27% by 2030. The energy production efficiency
in the EU will grow to 20% and 30% by 2020 and 2030, respectively. These
actions, taken to move the emissions in this direction, have not been effective and,
after a few years of stagnating or even decreasing emissions during the crisis, the
growing tendency has continued, with CO2 atmospheric concentration achieving
a maximum in 2018 [5].

Atmospheric carbon dioxide levels are comparable to those of 5 million years ago,
when atmospheric temperatures were 2-3oC higher and the ocean levels were 20-
30m higher. Present scientific consensus on climate change [6] suggests that, in
order to limit the temperature increase to 1.5oC above pre-industrial levels, policy
makers must take measures to ensure that the CO2 emissions are reduced by 45%
from the levels in 2010, within the next 12 years.

A quick review of the renewable energy sources, reveals that the only mature
technologies that could be massively deployed with inmediate effect are wind,
solar (thermal and photovoltaic), hydroelectric and combustion of biomass and
biofuels. Biofuels can be considered as a clean energy source as long as the energy
used to produce them has a green origin. Typically, the production of biofuels
is based on farming specially-chosen plants to process them through petroleum
substitution [3, 7] to obtain, typically, ethanol or biodiesel.

The final application poses a limit in the kind of renewable energy that can be
used. By sectors, the major contributors to CO2 emissions in the EU [8], are the
energy production (29.82%), transport (21.68%) and industry (17.78%). Industry
and home applications could take benefits from the electrification of the energy
sector, based as much as possible on renewable energies. The mobility achieved by
developed countries citizens requires a sufficiently long autonomy that cannot be
achieved with existing batteries and no energy storage technology is available other
than biofuels. This is true for road transport but especially for the aeronautical
transport, where the energy density is a key restricting factor. The generation of
biofuels in dedicated farms is, in fact, a form of accumulating solar energy in the
form of chemical energy (in ethanol or biodiesel, for instance), that can be later
used in present day engines or turbines.

The degree of development we enjoy today in the transport sector was achieved
after one century of research and engineering around internal combustion engines.
This technology is efficient and reliable and can be used with both petrol-based
fuels and biofuels. With minor adjustments, the new environmentally-friendly
fuels could be more efficiently used, providing a realistic possibility of emissions
reduction [9]. Moreover, using biofuels such as methanol, ethanol, dimethyl eter,
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butanol or biodiesel is attractive because the energy density is sufficiently high
and the technological requirements are similar to those of the fossil fuels, enabling
their gradual substitution without the need of a technological revolution.

Besides technical aspects, other considerations might play a significant role. The
all-electric vehicles trend could be severely limited by availability of raw materi-
als. Speirs et al. [10], for instance, questioned the feasibility of manufacturing
lithium batteries at large scale because of availability of the mineral lithium. On
the other hand, non-local GHGs emissions of electric vehicles are comparable to
traditional ones if the electricity generation mix is considered [3], because most
of the electricity does not come from renewable sources [11]. In the case of Spain,
the renewable sources of energy contributed up to 40% of the total electric energy
generation in 2018 [12] while energy from non-renewable fossil fuels contributes
36% of total energy production.

The petroleum substitution strategy has been recognized by many governments
[13]; the Spanish policy, in particular, established that a minimum of a 8.5% of
biofuels consumption should be achieved by the transport sector by 2020 [14].

1.1.2 Carbon dioxide and other emissions from ethanol
combustion

Ethanol is the most used biofuel at present, with an increasing demand over the
years [7]. Bio-ethanol is obtained from selected vegetables (corn and sugarcane
mainly) that are chemically processed to produce ethanol. Ethanol is typically
used as a fuel mixed in different proportions with other fossil fuels. This is very
common especially in Brazil, India and the United States, countries where the
production is large enough to satisfy food supply and part of the production
can be used in the transport sector, even though there is controversy because of
possible food price increase due to the new demand [15].

Classical pollutants generated from the combustion of fuels include, among others,
carbon monoxide (CO), nitrogen oxides (mostly NO, but also NO2, that are
lumped in a generic NOx), unburnt hydrocarbons and soot. Carbon dioxide
(CO2), as a GHG, has been more recently included because of raising concerns
about climate change.

Substitution of gasoline for bio-ethanol has shown that GHGs emissions can be
reduced by more than 21% [16]. The ethanol molecule (C2H5OH) is partially
oxygenated with a short chain compared with hydrocarbons typically found in
gasoline (0.30C7H16+0.14C8H18+0.56C6H5CH3) and diesel (C12H26 or C16H34)
molecules. Due to the ethanol molecule structure, its combustion does not produce
cyclo-benzene molecules and soot emissions are reduced by almost 66% [17], an
important aspect on high occupancy cities.
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The combustion of ethanol will always produce significant amounts of CO2. A
typical ethanol-air flame leads to a production of CO2 of 1.69 kgCO2

/kgEtOH.
However, the emissions of ethanol as a fuel should consider the whole production-
consumption cycle [17, 18]. First, the growth of sugarcane or corn absorbs CO2
from the atmosphere, then harvesting and chemical processing release CO2 and,
finally, carbon dioxide is produced when ethanol combustion takes place. In
Fig. 1.3 total CO2 emissions from ethanol and several other common fuels are
shown. When the full cycle is considered, ethanol has the highest potential for
emissions reduction, with possible reductions of about 60% when compared with
common diesel.

CombustionCombustion

Fuel productionFuel production

TotalTotal

DieselDiesel

LPGLPG

LNGLNG

CNGCNG

BD20BD20

BD100BD100

E95E95

gCOgCO22/MJ/MJ

−7575 −5050 −2525 00 2525 5050 7575 100100

Figure 1.3: CO2 emissions in typical combustion process for common fuels, the total
CO2 emissions take in account the effect of its production and combustion, data from
[17]. E95: 95%ethanol+5%water, BD100: biodiesel 100%, BD20: biodiesel 20% + diesel
80%, CNG: compressed natural gas, LNG: liquefied natural gas, LPG: liquefied petrol
gas.

Regarding NOx production, there are two major sources to be considered: (i)
the thermal NOx is produced by reactions highly favoured by high temperatures
between the N2 and the O2 in the air, and (ii) prompt NOx, produced in low
temperature rich flames. In typical applications prompt NOx is not relevant.

Substitution of gasoline by ethanol not only has great benefits for CO2 and soot
reduction but also for nitrogen oxides NOx [19]. Historically, it has been common
that engines burn fuel-air mixtures in nearly stoichiometric proportions to achieve
a good compromise between economy and power. The increasing restrictions on
pollutants emissions led to the use of leaner mixtures to reduce carbon monoxide
and unburnt hydrocarbons (UHC) emissions. Burning leaner has the benefit of
a higher eficiency also, because of reduced throttling losses and because engines
can be designed to operate at higher compression ratios. Typically, these very
high air-to-fuel ratios require direct injection of the fuel in the cylinder. NOx
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emissions, however, increase initially when the equivalence ratio decreases from
stoichiometric conditions as unreacted O2 becomes available. Equivalence ratios
below 0.7-0.8 are required to reduce significantly the temperature and hence no-
ticeably reduce NOx from stoichiometric combustion. In Fig. 1.4 thermodynamic
equilibrium NO concentration and adiabatic combustion temperature are shown
for gasoline, methanol and ethanol combustion; Notice the reduced NOx levels
at all equivalence ratios when ethanol is used, as compared with gasoline. The
use of ethanol would reduce NOx by up to 20% with an associated adiabatic
temperature combustion reduction of about 3%.

The increasing concerns on GHGs emissions drive the technology development in
the direction of increasing efficiency and, therefore, leaner mixtures are the target
to be achieved. As ultra lean combustion is achieved, NOx and CO reductions
will become very significant but UHC and flame ignition/stability become a major
concern that requires either technology development to burn these mixtures or the
use of adequate catalysts.
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Figure 1.4: NO equilibrium concentration and adiabatic temperature in atmospheric
conditions for methanol/ethanol/gasoline-air mixtures.

Despite the potential of ethanol for pollutant reduction, it has not been widely
used in the past because of its lower energy content when compared with classical
fossil fuels such as gasoline. However, this difference in energy density can be
compensated because the higher ethanol octane number (> 105) [20] allows the
use of higher engine compression ratios to increase the efficiency (see Fig. 1.5).
Present flexi-fuel engines allow the use of ethanol-gasoline mixtures, adjusting the
ignition to take into account the difference in chemical times between ethanol and
gasoline to avoid knocking but their compression ratio cannot be adjusted to take
advantage of the increased anti-knock power of ethanol (see Fig. 1.5). Also, since
ethanol is a partially oxygenated fuel, the amount of air needed for combustion
is reduced and less energy is used to heat the N2 present in the air, providing
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another source for increased efficiency. It is estimated that a specific engine
design for ethanol would have a 10% higher efficiency compared to a standard
design [17].

Figure 1.5: Thermal efficiency of gasoline engines versus the minimum octane number
specification, data from [17]. The orange shadowed region indicates the typical range of
operation of fossil fuels and the blue shadowed region indicates the possible operation
range for biofuels.

1.1.3 The zero carbon dioxide emissions cycle for ethanol

Substitution of gasoline for ethanol has large potential advantages for reduction of
both CO2 and pollutant emissions. However, farming capacity is limited and far
from being able to produce enough ethanol to fully substitute gasoline. Biomass
is a system that absorbs solar energy to fix atmospheric CO2. At best, sugarcane
crops have an efficiency slightly above 1% in transforming energy into carbohy-
drates [3]. Subsequent chemical processing further reduces this efficiency.

More efficient ways of producing ethanol are needed and much research is under-
way. For instance, researchers from Oak Ridge National Laboratory have found
a new procedure: Song et al. [21] proposed an electrocatalyst that, operating
at room conditions, produces ethanol from a solution of water and CO2. This
type of systems, or conceptually similar ones [22], operating on gases rich in CO2
captured from industrial processes or energy production can be used to improve
the global efficiency of ethanol production.

Full substitution of fossil fuels is not a foreseeable scenario. All possible forms of
renewable energies will have to be used simultaneously and biofuels can be used to
complement fossil fuels or to completely substitute them in especial applications,
such as aviation, where energy density is a need.
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1.2 Scope of the thesis

Efforts are currently underway for development of improved forms of biofuels
production to be used in the transport and energy production sectors. As a
consequence, ethanol production has steadily increased in most of the countries.
Government policies include biofuels usage in their environmental action plans
to reduce the CO2 emissions because they are highly interchangeable with fossil
fuels in present day engines and their transportation and storage requirements
are similar.

At present, ethanol content in fuel mixtures is typically lower than 15% in volume,
because of technological problems related with admission system corrosion, water
absorption and stratification and with the difficulty of cold engine ignition when
high ethanol concentrations are used. From an strict energetic point of view,
more fundamental research is needed on the combustion of ethanol and its mix-
tures, especially when humidity is taken into account. As ethanol is hydrophilic,
significant amounts of water can be absorbed by a tank of ethanol changing the
combustion properties of the fuel.

The present thesis is focused on the development of accurate and efficient tools
for the study of ethanol combustion in order to improve the fundamental under-
standing of this process. Numerical simulation codes, reduced kinetic mechanisms
and analysis of the vaporization of ethanol -pure or mixed with water- have been
developed with the aim of providing basic knowledge to be used in the adaptation
and improvement of present fossil fuel based technology to its use with ethanol.

1.3 Outline of the thesis

This dissertation is divided in six chapters. Chapter 1 provides the motivation
for the analysis of ethanol combustion. In chapter 2, the general formulation for
droplet vaporization and combustion of a spherically symmetric droplet is given,
including the details of the specific submodels for molecular transport, thermody-
namics and interphase equilibrium. Chapter 3 makes application of the previously
developed formulation to the pure droplet vaporization problem, without chem-
ical reaction. Attentions is paid to validation and to the more interesting cases
of ethanol droplet vaporization when water is present in the droplet and/or the
ambient. Chapter 4 develops the basis for ethanol combustion with the develop-
ment of a new multipurpose skeletal and reduced kinetic mechanisms that aims
at reducing the computational cost while retaining accuracy in the description of
engine-relevant combustion phenomena. In chapter 5, the important problem of
ethanol droplets autoignition is analyzed. As mentioned above, efficiency consid-
erations lead to the use of direct fuel injection; since ethanol is a liquid in ambient
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conditions, its injection in the form of a spray in the combustion chamber makes
this problem an especially relevant one , with ambient humidity and ethanol water
content playing an important role in fuel autoignition. Finally, in Chapter 6 we
summarize the main conclusions of this work and outline future prospects worth
to be further investigated.
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2.1 Introduction

Droplet ignition and combustion is a very relevant problem in combustion ap-
plications, what explains the existence of a multitude of theoretical [1–4] and
experimental [5–8] studies explaining different aspects of the problem. In view of
the increasing use of biofuels, either as pure fuels or mixed with other hydrocar-
bons, the demand of accurate modelling of the vaporization and combustion of

13
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such fuels is expected to grow in the close future. During the literature survey
carried out in this thesis, we only found a few numerical codes capable of tackling
the problem. It is worth mentioning the work by Marchese et al [9, 10], capable of
computing the quasi-steady stage of the combustion of multicomponent droplets
using detailed chemical schemes, or the works by Cuoci et al. [11] and Stauch
et al. [12], suited to compute the full transient evaporation and combustion of
monocomponent droplets.

The aim of this chapter is to develop a numerical code, based on a conservative
discretization of the equations derived from first principles, capable of dealing
with the unsteady evaporation and combustion of multicomponent droplets.

2.2 Problem formulation

(a) Pure vaporization case (b) Complete combustion case
Figure 2.1: Sketch of the spherically-symmetrical droplet vaporization and combus-
tion problems, subfigures (a) and (b) respectively.

We will consider here the case of a single droplet with initial diameter of d0 = 2a0
in an infinite stagnant ambient without gravity or forced flow as shown in the
sketch in Fig. 2.1. In these conditions, the flow has spherical symmetry provided
that the initial conditions satisfy this property.

2.2.1 Conservation equations

The transient, spherically symmetric, problem of droplet evaporation and combus-
tion in microgravity conditions is mathematically described by the conservation
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of mass, species and energy,

∂ρβ
∂t

+
1

r2

∂

∂r
(r2ρβuβ) = 0, (2.1)

∂(ρβYβ,i)

∂t
+

1

r2

∂

∂r
(r2ρβYβ,iuβ) = − 1

r2

∂

∂r
(r2Jβ,i) + ωβ,i, i = 2, ..., Nβ , (2.2)

∂(ρβhβ)

∂t
+

1

r2

∂

∂r
(r2ρβhβuβ) = − 1

r2

∂

∂r
(r2qβ) +Qβ , (2.3)

with ρβ , uβ and hβ the density, the velocity and thermal enthalpy of the mixture,
respectively. The sub-index i represents the ith species in both the liquid phase
β = ` inside the droplet and the gas phase β = g. Yβ,i is the mass fraction and
Qβ = −

∑Nβ
i=1 h

ref
β,iωβ,i the heat released, with href

β,i the enthalpy at the reference
temperature T ref = 298.15 K. Heat production in the liquid phase is neglected.
The mass production or consumption rates ωβ,i 1 are calculated using an appro-
priate chemical kinetic mechanism formed by Nβ species and NΩ reactions.

The evaluation of the species conservation equations and reaction rates constitute
a great part of the total computational cost of the problem, that increases as
N2
β for explicit solvers or as N3

β in implicit solvers because of the calculation of
the Jacobian matrix [13]. Typically, the solution of complex systems using de-
tailed combustion schemes is extremely expensive from a computational point of
view, reason why it is common the use of reduced combustion mechanisms that
are usually developed to describe specific aspects of combustion. Unfortunately,
the problem at hand is very complex and requires of a reduced mechanism ca-
pable of describing, accurately and efficiently, autoignition, steady and unsteady
premixed and diffusion flames and extinction, for a range pressure, temperature
and equivalence ratio relevant for practical applications. Such a multipurpose re-
duced mechanism was not available in the literature and is developed in Chapter
4 to show that the computational cost can be reduced between 11 and 38 times,
depending on the numerical algorithm used.

The species mass flux term for the gas phase in equation (2.2) is calculated with
the mixture averaged model [14] with conservative flux correction [15]

Jg,i = −ρgYg,i

(
V 0
d,i + V cd

)
, (2.4)

where V 0
d,i = −(Dg,i/Xg,i)(∂Xg,i/∂r), V cd = −

∑Ng

i=1 Yg,iV
0
d,i, Xβ,i is the mole

fraction and Dg,i = (1 − Yg,i)/(
∑Ng

j 6=iXg,j/Dg,ji) is the mixture diffusion coeffi-
cient, with Dg,ij the binary diffusion coefficient, for the pair of species i and j,
obtained from the kinetic theory [16]. For the liquid phase, the mass flux term is

1 For an elementary reaction as νAA → νBB, the mass consumption rate of specie A takes
the form ωβ,A = −νAWAC

νA
A κ where νA is the stoichiometric coefficient of specie A in the

reaction, CA is the mole concentration and κ is the reaction rate constant for the reaction.
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calculated from Fick’s law as

J`,i = −ρ`D`,i
∂Y`,i
∂r

(2.5)

and the mixture diffusion coefficient is determined by the Wilke-Chang equation
[17]

D`,i = 1.173× 10−16

√∑N`
j 6=iX`,jϕjWjT

µ`V0.6
`,i

(2.6)

where Wi is the species mole mass of the liquid phase, µ` the mixture viscosity,
V`,i the molar volume. The association factor takes the values ϕi = 2.6 for water
and ϕi = 1.5 for ethanol. In equation (2.3), the thermal heat flux term qβ is
obtained from the generalized Fourier’s law,

qβ = −kβ
∂T

∂r
+

Nβ∑
i=1

Jβ,ihβ,i, (2.7)

where kβ is the thermal conductivity of the β phase and Nβ denotes the number of
species on each phase. Soluble species exist in both phases (i = 1, ..., N`) but non-
soluble species only exists in the gas phase (i = N`+1, ..., Ng). Only major liquid
solubilities such as water-ethanol or alkane-alkane have been considered avoiding
minor ones as those of nitrogen or carbon dioxide in the liquid phase. The most
abundant species in each phase, (i = I), are obtained as Yβ,I = 1 −

∑Nβ
i6=I Yβ,i.

Equations (2.1)-(2.7) are supplemented with the Equations of State (EoS) of the
gas written in the quasi-isobaric approximation p∞/ρg = TRg. The density of
the mixture in the liquid phase is computed as in [18] using the expression ρ` =(∑N`

i=1X`,iρ
1/2
`,i

)2

, in which the individual densities of liquid species are obtained
by fitting published experimental data using the expression introduced by [19],

log ρ`,i = Aρ,i log(T ) +
Bρ,i
T

+
Cρ,i
T 2

+Dρ,i + Eρ,iT + Fρ,iT
2 (2.8)

2.2.2 Constitutive relations

Both the liquid and gas phases are considered ideal mixtures with heat capacity
and enthalpy calculated as cpβ =

∑Nβ Yβ,icpβ,i and hβ =
∑Nβ Yβ,ihβ,i, in terms

of the heat capacity cpβ,i and thermal enthalpy hβ,i of the species i in the phase
β.

The thermodynamic properties cpβ,i and hβ,i of pure species are obtained using
the NASA polynomials, where the coefficients are obtained, whenever possible,
from the San Diego mechanism database [20]. Those species not available in the



2.2. Problem formulation 17

San Diego database were taken from Burcat’s database [21] or, if not available in
the literature, by fitting experimental data.
The gas phase molecular transport coefficients Dg,ij are obtained using the ex-
pression derived directly from the kinetic theory [16] using the transport database
of the San Diego mechanism [20], while kg is obtained using standard mixture av-
erage formula [22],

kg =
1

2

 Ng∑
i=1

Xg,ikg,i +
1∑Ng

i=1Xg,i/kg,i

 . (2.9)

For the liquid phase, the mixture thermal conductivity k` was obtained from a
generalization of Filippov’s equation [23],

k` =

N∑̀
i=1

Y`,i

k`,i − N∑̀
j=i+1

Ki,jY`,j |k`,i − k`,j |

 (2.10)

where Filippov’s constant is Ki,j = 0.72. The conductivity of the pure species is
computed using the correlation [19],

log k`,i = Ak,i log(T ) +
Bk,i
T

+
Ck,i
T 2

+Dk,i + Ek,iT + Fk,iT
2, (2.11)

in which the coefficients are obtained by fitting experimental data available in the
literature. The viscosity of the liquid mixture is evaluated using the Grunberg
and Nissan equation [24]

µ` = exp

(
N∑̀
i=1

X`,i lnµ`,i

)
(2.12)

where the viscosity of the pure species is obtained using an expression analogous
to Eq. (2.11). The fitting coefficients obtained for liquid specie properties and
the corresponding experimental data source, are collected in appendix 2.B.

2.2.3 Boundary conditions

Boundary conditions are required at the center of the droplet and in the far field,

r = 0 :
∂T`
∂r

=
∂Y`,i
∂r

= u` = 0, (2.13)

r →∞ : Tg − T∞ = Yg,i − Y∞,i = 0, (2.14)
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while the boundary conditions at the liquid-gas interface are obtained by imposing
the conservation of species mass and energy in a control volume extending from
r = a(t)− δ to r = a(t) + δ in the limit δ → 0, yielding

−ṁ′′(Yg,i − Y`,i)r=a = −(Jg,i − J`,i)r=a, i = 2, ..., N`, (2.15)

−ṁ′′(Yg,i)r=a = −(Jg,i)r=a, i = N` + 2, ..., Ng, (2.16)

− ṁ′′
Nl∑
i=1

(
Y`,iLi(T )

)
r=a

=

(
kg
∂T

∂r
− k`

∂T

∂r

)
r=a

+ αeffσ
(
T 4
∞ − T 4

s

)
−

Nl∑
i=1

(
J`,iLi(T )

)
r=a

, (2.17)

where a(t) is the instantaneous time-dependent radius of the droplet at a generic
time t,

ṁ′′ = −ρ`(u` − ȧ)r=a = −ρg(ug − ȧ)r=a (2.18)

is the mass vaporization rate per unit of surface area, Ts is droplet surface tem-
perature respectively and ȧ = da/dt. αeff is the effective radiation absorption
coefficient and σ is the Stefan-Boltzmann constant. The vaporization heat of
each species is calculated as Li(T ) = hg,i(T )− h`,i(T ) + Lref

i , with Lref
i represent-

ing the vaporization heat at the reference temperature.
Additionally, imposing the conservation of the chemical potential at the interface
we obtain the Clausius equation [25],

(Yg,i)r=a =

(
Y`,i

W`

Wg

)
r=a

patm

p∞
γi exp

(∫ Ts

Tb,i

Li(T )

Rg,iT 2
dT

)
, i = 1, ..., N`, (2.19)

where Tb,i is the boiling temperature at atmospheric pressure (patm = 101325Pa),
Rg,i is the specific gas constant and γi the activity coefficient for the i species,
obtained using the UNIFAC method [26], see appendix 2.A for details.

2.2.4 Initial conditions

Suitable initial conditions are required in order to pose the time-dependent prob-
lem. We will consider here the simplest case of a droplet with uniform composition
and temperature that is placed at t = 0 in an infinitely large homogeneous gaseous
ambient. Both temperature and fuel mass fraction profiles would then be discon-
tinuous at the interface. In order to reduce the rigidity of such initial condition,
the problem is integrated in time from t = t0, using as initial condition the an-
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alytical solution obtained by Sazhin et al. [27] for an isolated non-evaporating
droplet, to generate a smooth initial temperature profile

t = t0 : Tg = T∞ +
a0

r
(Td0 − T∞)erfc

(
r − a0

2
√
DT,g,∞ t0

)
, (2.20)

valid for t0 � a2
o/DT,g, with DT,g,∞ = kg,∞/cpg,∞ρg,∞ being the thermal diffu-

sivity at infinity. The numerical parameter t0 is as small as 10−5s to minimize its
influence on the posterior evolution of the problem, and sufficiently large to reduce
the numerical stiffness of the problem. To avoid numerical problems, we imposed
a smooth initial profile for the species mass fraction inspired by eq. (2.20) and
defined as

t = t0 : Yg,i = Yg,i,∞ +
a0

r
(Yg,i,0 − Yg,i,∞)erfc

(
r − a0

2
√
DT,g,∞ t0

)
(2.21)

where the initial vaporized species profile at the droplet surface, Yg,i,0, is a small
quantity, of the order of 10−8, that reduces the rigidity of the step-function initial
condition but does not affect the solution.

To complete the set of initial condition, we assume that at t = t0 the droplet,
of uniform temperature and composition, is suddenly placed unperturbed in the
gaseous ambient,

t = t0 : Y`,i − Y`,i,0 = T` − Td0 = 0; i = 1, ..., N` (2.22)

2.2.5 The Rapid-Mixing limit

The formulation given above in (2.1)-(2.3) constitutes the full 1D model and takes
into account the existence of radial gradients in the concentration of ethanol
and water in the liquid phase. As a simpler alternative, valid when the liquid
phase homogenization a2

0/DT,l time is much smaller than the droplet life-time
t̃evap ∼

(
4πa3

0ρ`/3
)
/
(
4πa2

0ṁ
′′), the temperature and composition in the droplet

can be taken as homogeneous. This limit can be used in those cases in which
internal recirculation within the droplet exists as a consequence of forced, natural
or Marangoni convection, induced either by temperature gradients or by the fibers
used to maintain the droplet at a fixed position. The Rapid-Mixing (RM) limit,
originally described by Law [28], was considered during the calculations shown in
the next chapters to learn about the limits of applicability of such simplification.
When the RM limit is used, the problem in the liquid phase is simplified Eqs. (2.2)
and (2.3) can be integrated for the whole droplet, that becomes a single control
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volume reducing the problem to the integration of the homogeneous equations

d

dt
(ρ`Y`,iVd) =

(
ṁ′′(Yg,i)r=a − (Jg,i)r=a

)
Ad, i = 2, ..., N` (2.23)

d

dt
(ρ`h`Vd) =

(
ṁ′′(hg)r=a − (qg)r=a + αeffσ(T 4

∞ − T 4
s )
)
Ad, (2.24)

where Vd and Ad are, respectively, the droplet volume and surface area at time t.

2.3 Numerical method

The problem formulated in section 1.2 involves the solution of the conservation
equations in two phases, coupled through the boundary conditions at the droplet
surface. The temporal evolution of the droplet radius a(t), where boundary con-
ditions are applied, has to be determined in the course of the solution. In this
section we will describe the discretization and the different algorithms used in
the tracking of the free surface and in the numerical solution of the discretized
equations. Given the complexity of the flow, computational efficiency is required
if solution is to be obtained in reasonable times.

2.3.1 Numerical discretization of the gas and liquid phases

A cell-centered finite volume method has been employed to discretize the gov-
erning equations. For an arbitrary control volume, equations (2.1)-(2.3) take the
general form

d

dt

∫
Vc(t)

φβdV +

∫
Sc(t)

φβ(ūβ − v̄c) · n̄dS =

∫
Sc(t)

F̄ (φβ) · n̄dS +

∫
Vc(t)

P(φβ)dV

(2.25)
where φβ is any conservative variable, φβ = {ρβ , ρβYβ,i, ρβhβ}, where i =

{2, ..., Nβ} , Vc(t) is the control volume delimited by the control surface Sc(t),
ūβ and v̄c(t) are the local velocities of the fluid and control surface, respectively,
and F̄ (φβ) = {0, J̄β,i, q̄β} and P(φβ) = {0, ωβ,i, Qβ} are the diffusive flux
and volumetric production rate, respectively, for the conservative variable φβ . In
our case, the domain is discretized in a set of concentric, spherically-symmetrical
control volumes in which each volume Vn is bounded by two concentric spherical
surfaces Sn− and Sn+, as shown in figure 2.2. Notice that the control volumes are
concentric and do not overlap, Sn− = S(n−1)+. The innermost, gas-phase control
surface coincides with the outermost, liquid-phase control surface and they both
lie at the droplet interface. Because the radius a(t) of the droplet is moving
with a velocity da/dt, this control surface moves as well. To avoid the control
volumes from collapsing or expanding excessively, all control volumes and their
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corresponding control surfaces are continuously adapted to the droplet size, with
the recession velocity v̄c in (2.25) obtained using values of a(t) calculated in next
time steps.

Figure 2.2: Sketch of spherical symmetric finite volume Vn(t) delimited by two spher-
ical surfaces Sn−(t) and Sn+(t) of radii rn−(t) and rn+(t), respectively; n± subscripts
are employed to designed the surfaces adjacent to the node n, where rn−1+(t) = rn−(t).
The cell-centered arrangement with the staggered grid for the velocity field is shown
below; the cell-average values Φβ,n = φβ,n + O(h2) are stored at the cell centers, and
the velocities of the fluid and control surfaces, uβ,n± and vn± respectively, are stored at
the control volumes interfaces.

Integration of equation (2.25) over a spherically symmetric finite volume Vn, as
sketched in figure 2.2, yields

d

dt

(
Φβ,nVn

)
+
[
φβ(uβ − vc)A

]n+
n−

= −
[
F (φβ)A

]n+
n−

+ P(Φβ,n)Vn, (2.26)

where n = {1, ...,nβ}, being nβ the total number of nodes in the β phase, and

Φβ,n =

∫
Vn(t)

φβdV

Vn(t)
(2.27)

is the volume-average of φβ , over the volume Vn. Notice that, consistenly with
the order of the discretization, Φβ,n = φβ,n + O(h2), being h the local distance
between grid points.

The convective fluxes of the variable φβ through the surfaces Sn±(t), are evalu-
ated from the net velocity of the fluid relative to the surface uβ,n± − vc,n±, the
area of the surface An± and the local value of φβ,n± at the surfaces, obtained
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from interpolation from the neighbour volumes. A monotone first order upwind
interpolation has been used to obtain these values, according to

φβ,n+ =

{
Φβ,n +O(h), uβ,n+ > 0

Φβ,n+1 +O(h), uβ,n+ < 0
. (2.28)

Notice that this upwind interpolation is also the simplest TVD (Total variation
Diminishing) method. Higher order TVD methods, based on the introduction
of flux-limiters [29] to avoid numerical oscillations, were tested, but their use
complicates the algorithms and were found not to be necessary in this work.

The evaluation of the diffusive fluxes require the calculation of gradients at the
boundaries of each control volume n. This can be easily achieved with a second
order discretization, from the values of the variables at the centers of the neighbour
volumes n and n+ 1

∂φ

∂r

∣∣∣∣
n+

=
φn+1 − φn
rn+1 − rn

, (2.29)

that recovers the well known second order centered approximation for dφ/dr, as
n+ is located midway between nodes n and n+ 1.

2.3.2 The numerical treatment of the continuity equation

The mass conservation equation (2.1) plays a fundamental role in ensuring both
accuracy and stability of the numerical method. In the 1-dimensional problem
we are considering here, the velocity is obtained from the continuity equation
and the momentum equation doesn’t need to be integrated unless the pressure
field is required. If, as explained below, a backward Euler implicit method is
used to discretize the unsteady terms, the velocity field can be obtained from the
discretization of equation (2.1),

(
ρβuβA

)t+∆t

n+
=
(
ρβuβA

)t+∆t

n− +
[
(ρβvcA)t+∆t

]n+

n−
− 1

∆t

[
ρβ,nVn

]t+∆t

t
, (2.30)

that yields ut+∆t
β,n+ as a surrogate variable from the conservative variables Φt+∆t

β,n

through ρt+∆t
β . The continuity equation transmits the information instanta-

neously to the whole domain and becomes, then, a constraint that needs to be
satisfied in order to guarantee mass conservation and to ensure a good conver-
gence of the numerical method. The solution calculated following this procedure
is analogous to solving the momentum equation to obtain the velocity field to,
later, transform the continuity equation into a Poisson-like equation for the pres-
sure. The expression

(
ρt+∆t
β,n V t+∆t

n − ρtβ,nV tn
)
/∆t accounts for the volume change

in the control volumes under consideration and it can be calculated once the rest
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of variables are already known ρβhβ , ρβYβ,i.

2.3.3 The droplet surface tracking method and the meshing
strategy

The discretization errors in the different terms of the equations are O(h2), except
for the convective flux, which is O(h) and, therefore, the overall accuracy is of
order O(h) in the limit h → 0 in a uniform grid. The problem has multiple
scales, in both space and time, and the computational cost associated with the
use of a uniform grid is too great. Instead, we used a non-uniform grid where the
computational nodes are concentrated in regions in which the steep gradients in
the variables make necessary additional accuracy.

The physical domain extends from r = 0 to r =∞ an is divided in three regions.
Near the droplet surface and near the flame, the grid is uniformly spaced to prop-
erly describe the sharp changes expected in the numerical values of the variables,
especially the temperature and the species mass fractions. The spacing between
the gird nodes is gradually increased in other regions where the gradients of the
variables are not that steep.

The first region is formed by liquid phase and is discretized using a uniform grid
with n` = 20 points. The gas-phase adjacent to the droplet constitutes the second
region. It starts at the droplet surface and is sufficiently large to encompass all
the relevant phenomena taking place in the gas phase -heat and mass exchange
with the droplet, autoignition and quasi-steady combustion. This region extends
from r = a(t) to r = rI = 5a0 and is discretized using a uniform grid spacing to
minimize the loss of accuracy associated to the numerical discretization of non-
uniform grids. The total number of grid nodes allocated in this region is about
ng,I = 60.

The third zone extends from r = rI to the outer boundary r = rend of a compu-
tational domain that is made sufficiently large to ensure border effects, with rend

ranging from rend = 100a0 and 300a0, depending on the case considered. In this
region the gradients of all magnitudes of interest are small and larger distance
between the nodes is allowed. The mesh is built with a constant expansion ratio
α > 1, such that ∆rn+1 = α∆rn, starting from the uniform grid space of region
2. The parameter α is calculated using the number of nodes specified for this
region ng − ng,I and imposing that the last node is located exactly at r = rend.
Typically ng = 120 is sufficient to obtain an accurate solution to the problem.

To track the position of the gas-liquid interface we implemented a moving mesh
method [30] that makes use of a two-step, predictor-corrector strategy. Once the
new value of the variables are known, the new position of the interface is computed
by integrating ȧ = ṁ′′/ρ` + (u`)r=a. After that, we define a new grid evolving
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the grid points to a new location using the velocity of the nodes vn = ȧrn/a.
After that, the variables are again calculated in the new grid and the procedure
continues until the normalized difference between the interface velocity calculated
in two consecutive iterations falls below 10−5, as indicated in Fig. 2.3.

2.3.4 The algorithms for non-linear equations

The non-linear algebraic equations system

The system of equations given above in Eqs. (2.1)-(2.3), the equation of state
(EoS), the definition of the dominant species, the boundary conditions at the
center of the droplet and at the end of the domain (2.13)-(2.14) and, finally,
the interface equations (2.15)-(2.19) which couple both phases and require the
corresponding the interface variables, φs = {ρs,`, Ys,`,i, Ts, ρs,g, Ys,g,i, ṁ′′},
i = {2, ..., Nβ}, determine the numerical problem to be solved.

Typically, in chemically reacting problems, the reaction terms are characterized by
their strong non-linearity and numerical stiffness. Explicit schemes, such as Runge
Kutta methods, require typically very small time steps because of numerical sta-
bility constraints. Linear stability restrictions to the time step can be avoided
using an implicit method, where a variety of methods, of different accuracy, exist
in the literature. We have used Euler’s backward differentiation formula because
of its simplicity and robustness in spite of its relatively low order accuracy (it
introduces discretization errors of order O(∆t)). The short characteristic time of
the physical phenomena to be described (of the order of ∆t ∼ 10−5s at the sudden
autoignition event) and the non-linear stability constraints posed by the problem,
cancel the advantage of using higher order numerical methods that would allow
larger time steps [31].

If the unsteady terms in the conservation equations are discretized using Euler’s
method, the numerical problem to be solved for each time step reduces to finding
the unknowns at t+ ∆t that cancel the residuals function formed by substracting
the left and right hand side of Eqs. (2.1)-(2.3), yielding

f̃ t
0β,n =

−1

∆t

[
Φβ,nVn

]t+∆t

t
−
[(
φβ(uβ − vn)A

)]n+

n−

−
[
F (φβ)A

]n+

n−
+ P(Φβ,n)Vn. (2.31)

It is convenient, before the description of the method, to introduce the notation.
All variables at time t are grouped in a single vector of unknowns Ωt and all the
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residuals f̃ t
0β,n

are grouped in a residuals vector f̃ t0, defined as

Ωt =



...
Φt`,n
...
φts
...

Φtg,n
...


, f̃ t

0
=



...
f̃ t
0`,n
...
f̃ t
0s
...

f̃ t
0g,n
...


, n = {1, ...,nβ}, (2.32)

The normalized residuals vector

A solution obtained by the iterative procedure would be considered as converged
after k + 1 iterations if

∥∥∥f̃k+1
0

∥∥∥
∞
≤ tol. However, the vector f̃0 is made of terms

of very different magnitude as it includes the numerical error of the enthalpy and
mass fractions equation in its definition, with numerical values of very different
magnitude integrated over different volumes and areas. To facilitate the com-
parison between the convergence histories, each of the elements of this vector is
normalized to obtain the scaled error vector f0, defined by dividing f̃0 with the
value of the variables at a previous time V t−∆t

n , ρt−∆t
β,n and ht−∆t

β,n .
The iterative procedure described here can be stretched to reach normalized resid-
uals tolerances as stringent as ‖f

0
‖∞ < tol = 10−12, but a tolerance tol = 10−8

is usually enough to achieve a sufficiently accurate solution.

The numerical problem reduces then to minimize the error vector ‖f
0
‖∞ < tol

and to find the location of the interface a at every time step, a stiff nonlinear
Differential-Algebraic Equation system (DAEs) in which the mesh evolution is
coupled with the flow field solution. To that end, we used the iterative Stepped
Shamankii method to obtain the numerical value of the variables Ωt+∆t at a
generic time t + ∆t. For simplicity in the notation, in what follows we will drop
the super-index t+ ∆t, so that Ωkβ = Ωt+∆t,k

β .

The Stepped Shamanskii Method (SSM) is based on the Shamankii method de-
scribed by [32–34] but it is modified to introduce three different damping coef-
ficients for the liquid phase, the interface and the gas phase λβ , β = {`, g, s},
respectively. The solution is updated according to

Ωk+1
β = Ωkβ − λkβ∆Ωk+1

β (2.33)

where Ωk+1
β is the (k + 1)-th approximation to the unknowns vector, at t + ∆t,

for the β phase and ∆Ωk+1
β are the elements of the vector ∆Ωk+1 = J−1Ωk that

correspond to the variables of the phase β. The Jacobian matrix J is updated



26 Formulation and Numerical Method

every p = 20 iterations to reduce the computational cost, as described in [32–34].
We defined a damping coefficient for every fluid phase, such that

λ
k

β = λ
k

Λkβ (2.34)

with the phase-dependent, step-damping coefficient Λβ updated every p iterations
as

Λkβ = min(rβΛk−1
β , 1), 0 ≤ Λa ≤ Λg ≤ Λ` ≤ 1 (2.35)

and rβ = {1, 2, 10} is the step expansion ratio for the β = {`, g, s} phase. The
step-damping coefficients are initialized as

Λ
0

β = r
−ηβ
β . (2.36)

with ηβ = {1, 2, 3} the step order sequence parameter. This modification allows
the liquid phase to converge first, followed by the gas phase and, finally, the
interface. In this modification, the interaction between the interface and the
reaction zone, separated by a distance of the order of a few radii, are smoothed and
the method provides good convergence properties. Notice that the SSM briefly
described above reduces to the well-known Newton Method when the damping
coefficient λk is chosen to be constant and the Jacobian matrix J is updated
every iteration. A simplified sketch of the Stepped Shamanskii method flowchart
is presented in figure 2.3, together with the different algorithms involved in the
global iteration.

To ensure the convergence of the iterative method, the Armijo rule [34] has been
used. The damping parameter 0 < λ

k

< 1 is selected to guarantee that the
condition ∥∥fk+1

0

∥∥
∞ ≤

(
1− γλ

k
)∥∥fk

0

∥∥
∞ (2.37)

is satisfied with γ = 10−4 as suggested in [34]. Even though this strategy requires
of some trial and error in the selection of λk, it is designed to obtain conver-
gence towards the solution of the problem as the iteration proceeds. However,
sometimes, the convergence of the iterative process using the Armijo rule can be
difficult to achieve, specially when the initial profile is not sufficiently accurate.
For that reason, we introduced a modification to the Armijo rule that consists
in smoothing the initial profiles of the variables and fixing the damping param-
eter for the first p iterations to a small value λ

k

= 10−2 until the Jacobian is
updated for the first time. The successive approximation to the solution Ωk is
corrected to avoid non-physical solutions by capping the species mass fractions
0 < Yβ,i < 1 and the maximum gas temperature 0 < T < 10, 000K. After these p
initial iterations, the normal procedure of Armijo rule (2.37) is resumed.
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Figure 2.3: Flowchart of the iteration procedure for the Stepped Shamanskii Method
and the predictor-corrector for the evaluation of da/dt and Ω at instant t+ ∆t

.
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The Jacobian matrix evaluation

The jacobian matrix evaluation is very expensive from a computational point of
view. An appropriate balance between accuracy and efficiency is obtained using
a first order approximation in the numerical evaluation of the Jacobian matrix,

J (f
0
) =

f
0
(Ω + δΩ)− f

0
(Ω)

δΩ
, (2.38)

where
δΩ = amax(b

−l
, ε)Ω + ε (2.39)

being a = 10−3, b = 5, ε = 10−6 and ε = 10−15 typical values used during the
computations shown below, and the super-index l is a value that starts at l = 0

and increases continuously by 1 until the Jacobian is updated. The dynamic
definition of the Jacobian matrix introduced in (2.39) increased the accuracy of
the method providing high computational efficiency without the increase in the
number of iterations that a second order evaluation of the Jacobian matrix would
introduce. The evaluation of the inverse Jacobian matrix is achieved using a LU
decomposition that takes advantage of the 6(Ng + 2)-width banded structure of
the Jacobian matrix. The Shamanskii method is initialized with the solution in
the previous time iteration as Ω0 = Ωt.

2.3.5 The time stepping strategy

Linear stability analysis of ODE solvers reveals that implicit schemes are stable
for arbitrary ∆t > 0. Given an instant t, the solution for t+∆t could, in principle,
be obtained with the only restriction of accuracy. However the time step ∆t is
limited by non-linearities, especially when large variations occur in a very short
time interval, as occurs for instance at the sudden droplet autoignition described
in chapter 5. This phenomenon requires small time steps, typically ∆t < 10−5s,
to be appropriately described. Even for such small time steps, the stiffness of
the problem can make impossible to attain a converged solution using a constant
time step. To circumvent this problem, one of the options is to adapt the time
step to the instantaneous stiffness of the problem. The maximum time step used
during the calculations is limited by the accuracy and stability of the numerical
algorithm employed during the integration of the equations. On one hand, it
should be sufficiently small to ensure accuracy but, on the other hand, should be
as large as possible to reduce the computational cost.

Ideally, the estimation of the numerical method error should be done in real-time
during the course of the simulation to keep the errors below a given threshold
adapting ∆t. A technique typically used in ODE problems consists in solving the
problem simultaneously with two methods of different accuracy (discretization
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error). The higher order method provides a solution that works as a reference
solution to build a dynamic error estimation that will be used to adapt the time
step. This method is used, for instance, in the Runge-Kutta-Fehlberg method
[35]. Even though this is attractive, implicit numerical schemes, as the one used
here to solve the evaporation and combustion of a fuel droplet, would require
doubling the number of operations per time step, with the corresponding loss of
computational efficiency.

For the reasons enumerated above, we measured indirectly the stiffness with the
number of iterations necessary for the system to converge. A strategy to control
the time step is to increase ∆t when in the previous time steps convergence was
easily achieved, and to reduce ∆t whenever the SSM cannot attain convergence.
This procedure ensures that when changes in the solution occur over long char-
acteristic times, the number of time steps remains reasonable. On the contrary,
when convergence difficulties are found, the time step is reduced.

The time step reduction strategy

After solution at time t is converged from the solution at t−∆t, the solution at
a new time t+ c∆t, with c ≥ 1 is sought. If convergence criteria are not met, the
algorithm returns to the converged solution at t −∆t and finds the solution for
t−∆t/2. Notice that, in this case, the iteration should converge as it successfully
had done so when starting at t−∆t with a time step ∆t. In this way, the solution
is approaching t with a smaller time step while a backup solution is available at
t−∆t/2, closer than before.

Some comercial codes as COSILAB [36], use more aggressive time step reduction
factors, but in this work we found that such drastic reductions in time step, while
appropriate in finding final steady states, reduce the quality of the unsteady
solution.

The time step growth strategy

When the unsteady evolution of the solution is slow and the stiffness is not large,
the use a very small time step is inefficient. The algorithm will increase the time
step after the q previous time steps have successfully converged without variation
in the time step. An absolute maximum is also taken into account, so after q
successful time steps the time step is updated as ∆tnew = min(1.1∆t,∆tmax).
Typically, q = 10 was used.

The weakness of the strategy described above lies in the lack of a measure for the
error made in each time step, which has to be checked afterwards.
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2.3.6 Performance of the code

In this section we will test the numerical accuracy and consistency of the dis-
cretization.The mesh definition will be based only on the grid spacing h. In spite
of the lack of an exact analytical solution, a good approximation to exact solutions
can be obtained by progressively reducing h and using Richardson extrapolation;
in this way, both the discretization error and the order of the approximation can
be estimated as Order = log2((Φ(h)− Φ(h/2))/(Φ(h/2)− Φ(h/4))).

Two benchmark problems will be used, one to characterize the spatial discretiza-
tion and the other to characterize the time discretization:

Test 1
This first benchmark consists in the vaporization of a pure ethanol droplet of
constant diameter and temperature d0 = 1mm and Td0 = 300K, respectively, in a
hot nitrogen atmosphere at temperature of T∞ = 500K and pressure p∞ = 1bar.
Steady solution of the equations for the gas phase is sought, while the liquid
phase remains at the same specified initial conditions. Therefore, only the gas
phase and the interface are solved until a steady solution is reached. The mesh
is progressively refined in both phases close to the droplet surface. The mesh is
specified by the following parameters: rI = 3a0, rend = 100a0, ng = 2ng,I = 4n`
and n` = a0/∆r. The variables to be analyzed are the spatial step size, ∆r, and
the surface temperature, Ts; results obtained are shown in table 2.1. The order of
accuracy tends to 1 as the spatial step size ∆r → 0, as should be expected from
the one-sided first order discretization of heat and mass transfer at both sides
of the interface (2.17), and from the first order discretization of the convective
terms.

∆r/a0 × 10 Ts error Order

2 302.2992 1.0734 0.8539
1 301.2258 0.5939 0.9320
0.5 300.6319 0.3113 0.9677
0.25 300.3206 0.1592 0.9862
0.125 300.1615 0.0803 -
0.0625 300.0812 - -

Table 2.1: Error estimation and order of accuracy for the numerical method at the
interface steady solution.

Test 2
The second benchmark consists in the analysis of the temporal evolution of a pure
ethanol droplet vaporization in a hot dry nitrogen atmosphere at temperature of
T∞ = 500K and pressure p∞ = 1bar with an initial droplet diameter of d0 = 1mm
and temperature of Td0 = 300K. The mesh parameters employed are defined as in
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the previous cases, being: rI = 3a0, rend = 10a0, n` = 10, ng = 40, and ng,I = 40.
The time evolution of the problem will be controlled by the maximum time step
allowed by the code, ∆tmax, which will be the initial time step and will not be
modified til the end of the problem. The simulation stops at tend = 20ms and
we will analyze the fuel mass fraction at r = 5a0 at the end of the simulation.
Table 2.2 summarizes the results from this last test and reveal that the temporal
discretization introduces errors of order O(∆t), as should be expected from a
backward Euler discretization .

∆tmax × 103 Yfuel × 103 error×104 Order

1 1.6977 0.2230 0.9554
0.5 1.6754 0.1150 0.9386
0.25 1.6639 0.0600 0.9527
0.125 1.6579 0.0310 -
0.0625 1.6548 - -

Table 2.2: Error estimation and order of accuracy for the numerical method for
transient solution at the gas phase.
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2.A The UNIFAC method

The UNIFAC (Functional-group Activity Coefficients) method is a semi-empirical
method developed to predict the activity of a non-ideal mixture of liquids. It was
firstly described by [37] and [26] and its utility has been widen over the years with
new research articles uploading new functional groups and coefficients [38, 39] as
new experiments were added to the literature.
In this appendix we present the extract of the UNIFAC method that applies to
our calculations [39]. The activity coefficient γi of a specie i can be described as

γi = exp
(
ln γCi + ln γRi

)
(2.40)

where γCi is the combinatorial part due to differences in molecular size and shape
and γRi represent the residual coefficient due to molecular interactions, which are
essentially energy interactions. The combinational part takes the form as

ln γCi = ln
Φi
Xi

+ 5qi ln
Θi

Φi
+ li −

Φi
Xi

N∑̀
j=1

Xj lj (2.41)

where

li = 5(ri− qi)− (ri− 1), Φi =
riXi∑N`
j=1 rjXj

, Θi =
qiXi∑N`
j=1 qjXj

(2.42)

The volume Φi and area Θi fraction of specie i in the mixture are calculated from
molecular measurements of the van der Waals surface area ri and volume qi of
i-th specie that belongs to the group k whose properties are calculated as

ri =

NG∑
k=1

ν
(i)
k Rk, qi =

NG∑
k=1

ν
(i)
k Qk, (2.43)

with Qk and Rk representing the group surface area and volume contributions,
respectively, as well as the number of occurrences of the functional group on each
molecule νk. NG is the total number of chemical groups present in the system.
The residual part of activity coefficient is modeled by group concept as

ln γRi =

NG∑
k=1

ν
(i)
k (ln Γk − ln Γ

(i)
k ) (2.44)
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where Γk is the group residual activity coefficient, that takes the form

ln Γk = Qk

[
1− ln

(
NG∑
m=1

θmΨmk

)
−

NG∑
m=1

θmΨkm∑NG

n=1 θnΨnm

]
, (2.45)

and Γ
(i)
k is the residual activity coefficient of a solution containing only molecules

of type i. The area fraction θk of group k is defined in similar way as the molecule
area fraction, Θi, does. For all groups present in the system,

θk =
Qkxk∑NG

m=1Qmxm
(2.46)

the mole group fractions are defined as

xk =

∑N`
i=1Xiν

(i)
k∑N`

i=1Xi

∑NG

m=1 ν
(i)
m

, x
(i)
k =

ν
(i)
k∑NG

m=1 ν
(i)
m

(2.47)

for the mixture, xk, and the solution of i specie, x(i)
k . Finally, the group interaction

term is
Ψmn = exp

(
−amn

T

)
(2.48)

where amn is the measure of energy interaction between groups m and n divided
by gas constant R, which is obtained from experimental data of liquid-gas phase
equilibrium, should be notice that amn 6= anm. Parameters employed in this work
are summarized in table 2.3

k name R Q

1 CH3 0.9011 0.848
2 CH2 0.6744 0.540
3 OH 1.0000 1.200
4 CH3OH 1.4311 1.432
5 H2O 0.9200 1.400

(a) Group properties.

m \ n 1,2 3 4 5

1,2 0 986.5 697.2 1318.0
3 156.4 0 -137.1 353.5
4 16.51 249.1 0 -181.0
5 300.0 -229.1 289.6 0

(b) Group interaction parameters, amn [K−1].
Table 2.3: UNIFAC group specifications for size NG = 5. Extraction from [39]

2.B Fitting coefficient parameters

In this section we collect the fitting coefficients used to calculate the dependence
on the temperature of the density, viscosity, thermal conductivity and other ther-
modynamic parameters of the liquid phase developed from the experimental data
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found in the published literature.
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3.1 Introduction

Liquid fuels are massively used in combustion-based transport and industry ap-
plications because of their availability, high energy density and easy storage in
atmospheric conditions [1]. The direct injection of the liquid fuels as spray in
the combustion chamber is the preferred option in most designs, mostly because
its high efficiency and simplicity. In that context, the vaporization of the liq-
uid fuel is a key stage before the chemical energy stored in the fuel is released
through combustion. For that reason, the understanding of pure droplet vapor-
ization has been object of great attention for several decades, [2–5]. The recent
improvement in the calculation capabilities has motivated the formulation of new
models that made use of more sophisticated physics [6–11]. These models often
used correlations or semi-empirical parameters to improve the comparison with
the experimental measurements that difficult the understanding of the underlying
physics controlling the vaporization of liquid fuels [12–17].

43



44 Droplet Vaporization

As part of a wider effort devoted to increase the basic understanding of droplet
combustion, in this chapter we will be concerned with the analysis of the vaporiza-
tion in microgravity conditions of an individual droplet of radius a(t) in a stagnant,
hot and inert nitrogen environment at a temperature T∞ and a pressure p∞. The
pure nitrogen atmosphere is typically employed in droplet vaporization experi-
mental setups, and then in the numerical simulation, to avoid chemical reactions
that could even produce autoignition during the droplet vaporization. This pos-
sibility, very real even for low ambient temperature, will be considered in chapter
5. This simple configuration is especially suited to test and improve fundamental
understanding of droplet vaporization. Our purpose is to use only first-principles
to carry out our analysis, avoiding the introduction of semi-empirical parameters
or correlations intended to improve the matching between the numerical results
and the experimental measurements.

To test the physical model and the numerical method introduced in Chapter 2,
we will consider first the simplest case of the vaporization of single-component
n-heptane and ethanol droplets by comparing our numerical results with experi-
ments and other detailed simulations. After that, we will consider multicompo-
nent droplets of n-dodecane/n-hexadecane and ethanol/water. In them, the large
difference in the boiling temperatures of both components and the non-ideal va-
porization properties of the liquid phase introduced complexities in the analysis
that greatly modified the features of the evaporation process.

3.2 The characteristic evaporation time and the
d2-law.

Before undertaking the task of performing detailed simulations, we will dis-
cuss the appropriate scale to measure the droplet evaporation time, tevap -or
droplet lifetime-. Even in this simple canonical problem, the utilization of a non-
dimensional formulation is not very convenient as the number parameters becomes
too large when detailed physical models are used. However, to gain insight on the
physical mechanisms that would explain the computational results we decided to
represent the results in terms of meaningful non-dimensional variables. In droplet
vaporization problems, it is particularly interesting to find the adequate time scale
by estimating the droplet life-time. To do so, we will consider here a small spheri-
cal droplet vaporizing in a hot, not-radiating atmosphere, as sketched in Fig. 2.1.
A first estimate of the droplet lifetime [5, 18] can be obtained as

t̃evap ∼

(
4

3
πa3

0ρ`

)
(4πa2

0ṁ
′′)
∼ ρ`
ρg

a2
0

DT,g

Lb

cpg(T∞ − Tb)
, (3.1)
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where we used the equation (2.17) to give ṁ′′ ∼ ρgDgcpg(T∞ − Tb)/(a0Lb). In
the expression given above, the liquid density ρ` and the enthalpy of vaporization
Lb are evaluated at the boiling temperature Tb, the gas thermal diffusivity DT,g,
heat capacity constant cpg and density ρg are evaluated at mean gas temperature
Tm = (T∞ + Tb)/2. Typical values of the physical properties for common liquid
fuels are summarized in table 3.1.

Traditionally, the role of radiation in the evaporation of liquid fuels has been
neglected, assuming that the characteristic time of radiative evaporation 1

trad ∼

(
4

3
πa3

0ρ`

)
(4πa2

0ṁ
′′)
∼ ρ`a0Lb

αeffσ(T 4
∞ − T 4

b )
(3.2)

is much longer than the evaporation time trad � t̃evap. As we will show below,
this assumption fails for sufficiently large droplets or high ambient temperatures,
giving a temporal evolution of the square of the droplet radius that clearly deviates
from the d2-law .

Species W Tb ρl(Tb) Lb βb DT,` × 107 Le
[g/mol] [K] [kg/m3] [kJ/kg] [m2/s]

H2O 18.02 373.15 957.43 2269.06 13.18 1.45 0.83
CH3OH 32.04 337.69 715.57 1116.04 12.96 1.02 1.30
C2H5OH 46.07 351.44 738.84 850.80 13.41 0.88 1.78
C7H16 100.20 371.53 612.99 315.79 10.24 0.81 2.26
C12H26 170.33 489.45 592.12 266.71 11.16 0.82 3.08
C16H34 226.44 560.45 573.26 225.24 10.95 0.86 3.64

Table 3.1: Physical properties of common liquid fuels. The Lewis number of gaseous
ethanol in air Le is obtained from [19] when possible. For the remaining species, it was
obtained from mixture average transport model [20].

The classical asymptotic theory [18] considers the limit of large heat of vaporiza-
tion Lb/RgTb in which the evaporation time t̃evap is much longer than the heat
diffusive time in both the gas tg ∼ a2

0/DT,g and the liquid t` ∼ a2
0/DT,` phases.

In this limit trad � t̃evap � tl � tg the droplet temperature can be considered
uniform and, for sufficiently large values of the temperature difference T∞ − Tb,
a droplet introduced in a hot ambient is first heated up without vaporization
until the droplet temperature achieves the boiling temperature Tb. From that
moment, the droplet remains at constant temperature and a quasi-steady evo-
lution takes place in the gas phase, recovering the classical d2-law in which the

1The characteristic time to evaporate a droplet of radius a0 with the radiation coming from
the surrounding ambient at temperature T∞
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square of the droplet radius decreases linearly with time. If the initial heat up
period is sufficiently short, the droplet evaporation time would be given by (3.1).
Typically,

tg

t̃evap

∼ ρg

ρ`

cpg(T∞ − Tb)

Lb
� 1 and

tg
trad
∼ a0αeffσ(T 4

∞ − T 4
b )

ρ`LbDT,g
� 1,

and the gas phase is in quasi-steady state during the vaporization process. On
the other hand, in the classical theory it is also assumed

t`

t̃evap

∼ ρg

ρ`

DT,g

DT,`

cpg(T∞ − Tb)

Lb
� 1 and

t`
trad
∼ DT,g

DT,`

a0αeffσ(T 4
∞ − T 4

b )

ρ`LbDT,g
� 1,

so that the liquid phase is also in quasi-steady state during the vaporization
process. Nevertheless, the condition t`/trad � 1 is only satisfied for very small
droplets and non-steady effects in the liquid phase will be evident in droplets of
initial diameter larger than d0 ∼ 1 mm .
The characteristic evaporation time t̃evap given above in Eq. (3.1) provides a
valid approximation for the evaporation time when T∞ − Tb is sufficiently large.
If the ambient temperature T∞ is near or below Tb, this estimate does not take
into account that vaporization occurs even if the droplet surface temperature is
far below Tb. In these cases, we can develop a better estimation retaining the
quasi-steady approximation for both the gas and the liquid phases in the equa-
tions of mass, energy and species conservation. Considering constant properties,
we assume that both temperature and mass fractions are homogeneous in a liq-
uid phase that keeps its temperature equal to the surface temperature Ts. The
problem reduces then to the integration of the conservation equations

d

dr

(
ρgugr

2
)

= 0 (3.3)

d

dr

(
ρgugr

2Y
)

=
d

dr

(
ρgr

2Dg
dY

dr

)
(3.4)

d

dr

(
ρgugr

2cpgT
)

=
d

dr

(
r2kg

dT

dr

)
(3.5)
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with the boundary conditions

r →∞ : Y = T − T∞ = 0 (3.6)

r = a : T − Ts = Y − Ys = 0 (3.7)

− ṁ′′(Ys − 1) =

(
ρDg

dY

dr

)
r=a

(3.8)

− ṁ′′L =

(
kg

dT

dr

)
r=a

+ αeffσ(T 4
∞ − T 4

s ), (3.9)

Xs = Ys
W

WF
(3.10)

Xs = exp

(∫ Ts

Tb

L(T )

RgT 2
dT

)
(3.11)

with ṁ = −ρua2, ṁ′′ = ṁ/a2 and W = XsWF + (1 − Xs)WN2
, to obtain the

gas phase velocity ug, species mass fraction Y , temperature T and droplet surface
temperature Ts. To do so, we first integrate Eq. (3.3) to obtain the constant
evaporation rate ṁ. Temperature and mass fraction are calculated by integrating
(3.5) and (3.4), yielding

T − T∞
Ts − T∞

=
1− exp

[
cpgṁ/(kgr)

]
1− exp

[
cpgṁ/(kga)

] (3.12)

Y

Ys
=

1− exp
[
cpgLeṁ/(kgr)

]
1− exp

[
cpgLeṁ/(kga)

] , (3.13)

Introducing these expressions particularized at r = a into Eqs. (3.8)-(3.10) with
definitions (3.1) and (3.2), we obtained an implicit non-linear equation system for
Ts, Xs and d(d/d0)2/dτ̃ with τ̃ = t/t̃evap, yielding

−
cpg(T∞ − Tb)

2Lb

d

dτ̃

(
d

d0

)2

= log

1 +
cpg(T∞ − Ts)/L

1 + 2
t̃evap

trad

d

d0

[
d

dτ̃

(
d

d0

)2
]−1

 (3.14)

X−1
s = 1+

WF /WN2[
exp

(
−
cpg(T∞ − Tb)

2Lb

d

dτ̃

(
d

d0

)2
)]Le

− 1

(3.15)

that together with Eq. (3.11) gives the values of Ts, Xs and d(d/d0)2/dτ̃ . As
indicated by equation (3.14), in those cases in which radiation is important
t̃evap/trad ∼ 1, the decay of the square of the droplet diameter (d/d0)2 is not linear



48 Droplet Vaporization

with time and the d2-law is not satisfied even when the problem is quasi-steady.
In the limiting cases in which radiation heating is negligible t̃evap/trad � 1, the
above system of equations simplifies to give

exp

(∫ Tb

Ts

L(T )

RgT 2
dT

)
= 1 +

WF

WN2

1[
cpg(T∞ − Ts)/L + 1

]Le − 1
, (3.16)

that, in the case βb = Lb/RgTb � 1 with L(T ) ' Lb, can be further simplified to
give, in the first approximation

Tb − Ts
Tb

βb = log

(
1 +

WF

WN2

1

[cpg(T∞ − Tb)/Lb + 1]Le − 1

)
, (3.17)

The solution of equation (3.16) is plotted in Fig. 3.1 for different values of the fuel
Lewis number Le using the scaling suggested by Eq. (3.17). Once Ts is known,
we can readily find ṁ, from either (3.8) or (3.9),

ṁ =
kga

cpg
log

(
1 +

cpg(T∞ − Ts)
L

)
, (3.18)

and using d(4πa3ρ`/3)/dt = −4πṁ we obtain

dd2

dt
= − 8λ

ρlcpg
log

[
1 +

cpg(T∞ − Ts)
L

]
= −8DT,g

ρg

ρl
log

[
1 +

cpg(T∞ − Ts)
L

]
,

(3.19)
expression that shows why a2 decreases linearly with time (d2 -law). The droplet
evaporation time can be obtained by integrating (3.19) imposing a(t = 0) = a0

to give

tevap =
d2

0

DT,g

ρ`
ρg

1

8 log

(
1 +

cpg(T∞ − Ts)
L

) , (3.20)

that reduces to tevap = t̃evap in the limit cpg(T∞−Ts)/L� 1. The original system
of equation given by (3.8)-(3.11) (without radiation term) and the quasi-steady
gas phase solution (3.12) and (3.13) correspond with the expressions developed
by Abramzon and Sirignano [4] in the case where correction coefficients, based on
Nu and Sh numbers correlations, are neglected. Mainly difference remains in the
use of first principles to derive the equations and the reduction of the equation
system to a single equation (3.16) where the Ts must be solved implicit. Equation
(3.20) is more accurate than (3.1) as it incorporates the analytical solution of the
conservation equations and it is not only based on order of magnitude estimates.
Indeed, if we use tevap, as given in (3.20), to scale the experimental and numerical
results, all curves nearly collapse into a single curve, as shown below in Fig. 3.2(b)
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for n-heptane droplets.
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Figure 3.1: Solution of equations (3.16) and (3.19) for different fuels scaled as sug-
gested by equation (3.17). Subfigure (a) shows the droplet surface temperature versus
gas ambient temperature. Subfigure (b) shows the vaporization rate constant for each
ambient temperature. Colors in each subfigure represent the fuel solved as follow:
red: C16H34, blue: C7H16, green: C2H5OH and purple: H2O. Solid lines represent the
solutions obtained for equation (3.16) and dashed lines correspond with the approxima-
tion (3.17).

3.3 Single-component droplet vaporization

In this section we will show results for single-component droplet vaporization,
in order to validate the physical submodel used in this work. First, results for
well characterized fuels such as n-heptane will be used, then the more complex
ethanol droplets will be considered. Attention will be given to the experimental
techniques used in the experiments. The validation of the numerical code using the
experimental data available in the literature is a formidable task, the differences in
the experimental techniques and methodologies used by the researchers requires
of a previous critical assessment to learn if we can be meaningfully compare them
with our numerical results. Some of the complex phenomena observed in the
experiments (puffing, explosive evaporation and so on) cannot be reproduced with
the one-dimensional model implemented in our code.

3.3.1 Vaporization of n-heptane droplets

To validate the vaporization model and the numerical code, we start considering
n-heptane droplets. As fuel, n-heptane is a relevant fuel that has been tested
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in microgravity conditions both experimentally [12] and computationally [9]. A
spherically-symmetric droplet vaporization is a challenging experiment. Ideally, it
should be done in microgravity conditions [12] or in conditions where the droplet
movement, relative to the external flow, is negligible [13]. In both cases, the
droplet has to be generated with minimum disturbance to properly define the
initial conditions of the problem, minimizing the departures from true spherically
symmetric conditions.

In microgravity, the droplet position is fixed using thin fibers that minimize the
initial movement of the liquid fuel. With this technique, the uncertainties arise
only because the fiber breaks the spherical symmetry of the heat transfer problem,
inducing an artificial heat transfer from the fiber to the droplet that increases
the uncertainties related with the possible existence of thermo-solutal Marangoni
convection flows.

To avoid the use of fibers, an alternative experiments releases the droplet in
a stream of hot gases, with the droplet evolving freely with a (small) relative
velocity to the stream of hot gases.

The code and the model are validated comparing the numerical results against
the experiments performed by Nomura et al. [12] in microgravity conditions. In
these experiments, a cold droplet of pure n-heptane (C7H16) with initial diameter
d0 = 0.7mm and temperature T0 = 300K was introduced in a hot inert nitrogen
N2 environment at temperatures that ranged from 471K to 741K. The droplet
position was fixed using a suspender of diameter df = 150µm. More detailed
information on the flow field in this configuration can be found in the numerical
work by Yang and Wong [9], who developed a numerical model similar to ours,
including the effect of both radiation and fiber heat conduction. They modeled
the ambient as a non-radiating optically thin gas, with the droplet heated by the
walls radiation with an effective radiation absorption coefficient αeff = 0.93 that
matched the results with the detailed radiation analysis carried out by Lage and
Rangel [21] and Tseng and Viskanta [22]. For validation purposes, we implemented
in our code the same simple radiation model [9].

Yang and Wong [9] also implemented an ad-hoc heat transfer model to include the
fiber heat conduction effects. In this model, a non-spherically symmetric effect
was introduced in a set of spherically-symmetric equations. Despite the good
agreement with experiments they demonstrated, we decided not to include their
correction in our model to avoid including effects not derived directly from first
principles.

Our results are compared with the experiments in Fig. 3.2(a), where we show
the normalized n-heptane droplet surface as a function of the normalized time
t/d2

0, for different ambient temperatures. Notice the good agreement with the
experimental results obtained by the codes developed in this thesis and with the
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computational results by [9], with both numerical codes yielding virtually identical
results. The differences with the experimental results only emerged in the last
stages of droplet vaporization, when the suspender and the droplet diameters
become comparable breaking the spherical symmetrical that was assumed in the
theoretical model. Experimentally, the effect of the fiber suspender can only be
minimized and delayed if the fiber diameter is drastically reduced, as shown by
Chaveau et al. [23] using fibers as thin as df = 14µm.

Figure 3.2: Normalized droplet surface as function of time for n-heptane droplets
at atmospheric pressure p∞ = 1bar and initial droplet temperature Td0 = 300K. Sub-
figure (a) shows (d/d0)

2 versus normalized time, t/d20. Subfigure (b) shows (d/d0)
2

versus dimensionless time, t/tevap. The colors, in all subfigures, denote the ambient
temperature and initial diameter, red: T∞ = 471K and d0 = 0.7mm; blue: T∞ = 555K
and d0 = 0.7mm; green: T∞ = 741K and d0 = 0.7mm; purple: T∞ = 1050K and
d0 = 0.24mm. Lines represent results obtained with detailed numerical simulations and
symbols correspond with to experimental results, as follow:
solid lines: present work with 1D model, dashed lines: present work with RM model,
dash-dot line: numerical results by Yang et al. [9] without fiber conduction model, dash-
dot-dot lines: numerical results by Yang et al. [9] with fiber conduction model, circle:
experimental results by Nomura et al. [12], triangles: experiments of Lee and Law [13].

Results using the Rapid Mixing Limit

In the Rapid Mixing Limit (RM) [24], when the liquid phase homogenization
time is much smaller than the droplet life-time, the droplet temperature can be
considered homogeneous. This hypothesis is used very often and it turns out that
some experimental results are better reproduced using RM than using the 1D
model. The aim of this section is to figure out when and why RM is preferable
over the 1D model by comparing the numerical results with the measurements
obtained using different experimental techniques.

Figure 3.2(b) shows the experimental results for n-heptane droplet vaporization
carried out by Nomura et al. [12], using fibers to anchor the droplet, and by [13],
using a free-falling droplet within a stream of hot gases. In order to reduce the
dispersion in the experimental data, the normalized droplet surface (d/d0)

2 has
been plotted as a function of non-dimensional time τ = t/tevap, with tevap defined
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in (3.20). Notice that the results by Lee and Law [13] show no initial thermal
expansion effects, as opposed to those of [12], and that the numerical results, both
the 1-D and the RM models, reproduce reliably the experimental results.

The discrepancies between the numerical results are examined in Fig. 3.3 by
inspecting the temperature fields obtained using both 1-D and RM models at
τI = 0.13 and τII = 0.52, labeled as (I) and (II) respectively in Fig. 3.2(b). In
the early stages of droplet heat-up, the quasi-steady approximation for the liq-
uid phase is not appropriate but it becomes progressively more accurate as the
evaporation process advances, as suggested by the droplets following the d2-law
anticipated by quasi-steady approximation valid when t`/tevap �< 1. The biggest
differences between the two models emerge in the early vaporization stages, where
the RM introduces a remarkable thermal expansion effect. In this particular case,
the small value of the diffusion time to droplet lifetime ratio t`/tevap � 1 antici-
pated the small differences between the RM approximation and the full 1D model
illustrated in Fig. 3.2.
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Figure 3.3: Subfigures (a) and (b) shows the temperature profiles as a function of
normalized distance at instants (I), τI = 0.13, and (II), τII = 0.52, marked with crosses
in fig 3.2 (b). Subfigure (c) shows the gasification rate, −d(d/d0)2/dt, as function of
time, τ . Droplet conditions are the same as those specified in Fig. 3.2 for blue lines and
markers.

Figure 3.3(c) depicts the non-dimensional gasification rate

−d(d/d0)2

dτ
= −2a

ṁ′′

ρ`

tevap

a2
0

which is analogous to the parameter K = −dd2/dt used by C.K. Law in [13].
N-heptane droplet vaporization, with an exception in the early heat-up period,
follows the d2-law until the end of its vaporization, with small departures from
quasi-steady state droplet vaporization rate. As with the temperature profiles, is
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during the initial stages when the vaporization rates computed with both models
presented more differences.

A closer look about the validity of both models is depicted in Fig. 3.4, where we
compared the experimental results by Nomura et al. [12], who used a support
fiber to fix the droplet, and Lee and Law [13], who employed the free falling tech-
nique. The direct comparison of both models -RM and 1D- with experimental
measurements suggests that RM model is more accurate during the initial stages,
probably because the presence of the fiber has a remarkable role in disrupting the
spherical symmetry of the droplet, inducing a thermo-solutal Marangoni flow that
homogenized the temperature or increasing the effective thermal conductivity of
the droplet. This conclusion is supported by the recent results of Radhakrish-
nan et al. [25], who proved that thermal conductivity is highly affected by the
geometry and material properties of the supporting fibber. On the other hand,
in the free falling experiments of Lee and Law [13], the droplet keeps its spheri-
cal form and the the 1D model throws more accurate results in representing the
initial stages of the vaporization process. Unfortunately, the lack of a direct com-
parison between experiments performed with and without fibber refrain us from
confirming definitely this hypothesis.

Figure 3.4: Normalized droplet surface (d/d0)
2 as a function of the dimensionless

time τ , for n-heptane droplet in the conditions described in Fig. 3.2. solid lines: results
obtained with 1D model; dashed lines: results obtained with RM model, circle: exper-
imental results by Nomura et al. [12] with supporting fibers, triangles: experiments of
Lee and Law [13] in free falling droplet.

3.3.2 Vaporization of ethanol droplets.

Liquid ethanol is a polar substance with a strong hydrophilic character. The -OH
group forms hydrogen bonds to neighboring polar molecules that make ethanol
infinitely soluble in water. This feature makes droplet vaporization experiments
technically very challenging, ethanol droplets can be easily contaminated with the
ambient moisture condensing on the droplet surface, and the numerical analysis is
a convenient alternative to keep the conditions of the experiment perfectly under
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control. Having in mind the above-mentioned technical limitation, we validated
our simulations by comparing in Fig. 3.5 our numerical results with the experi-
ments by Hallet et al. [14] carried out in a nitrogen atmosphere. The agreement
for droplets with initial diameter d0 = (1.4, 1.6, 1.6) mm and ambient temperature
T∞ = (1023, 893, 703) K is very good, with the simulations capturing accurately
a droplet lifetime that turns out to be shorter than the estimations predicted Eq.
(3.1). Contrary to what was expected, the droplet vaporization rate shown in
Fig. 3.5(b) do not depict the quasi-steady vaporization rate that characterizes the
d2-law.
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Figure 3.5: Ethanol droplet vaporization in nitrogen atmosphere at pressure
p∞ = 1bar and initial droplet temperature Td0 = 300K. Subfigure (a) shows normalized
droplet surface (d/d0)2 as a function of the non-dimensional time τ . Subfigure (b) shows
dimensionless gasification rate −d(d/d0)2/dτ as a function of the dimensionless time τ .
Squares represent experimental results of Hallett et al. [14], solid lines represent present
work with 1D model and dashed line represent present work with RM model. The
colors denote the ambient temperature and initial droplet diameter, as follow: green:
T∞ = 703K & d0 = 1.6mm; yellow: T∞ = 893K & d0 = 1.6mm; purple: T∞ = 1050K &
d0 = 1.4mm.

To farther investigate this results we plot in Fig. 3.6 the temporal evolution of the
droplet surface, surface temperature and vaporization rate of pure ethanol droplets
with diameters d0 = (0.1, 0.2, 0.5, 1.0, 2.0, 5.0) mm in a hot nitrogen atmosphere
at T∞ = 800 K. This figure shows significant departures of the evaporation rate
from the d2-law for droplets with initial diameter above d0 > 0.5 mm, with surface
temperatures and droplet vaporization rates that do not achieve the steady state
predicted by the d2-law before the complete vaporization of the liquid fuel. The
radial profiles of the temperature within the liquid ethanol are plotted in Fig. 3.7
at the time instants indicated in Fig. 3.6 for droplets diameters d0 = 0.1 and
2 mm. In small droplets, the liquid temperature becomes uniform early in the
droplet lifetime τ < 0.2, foreseeing a rapid evolution towards the linear temporal
evolution that announce the d2-law. On the other hand, larger droplets need
a little longer time to achieve uniform temperature (for instance, for d0 = 2

mm the temperature in the droplet becomes uniform for τ & 0.25 as shown in
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Figs. 3.6 and 3.7), but because of radiation the so-achieved uniform temperature
and vaporization rate are significantly higher than those of smaller droplets. As
the droplet diameter decreases, the relative importance of radiation decreases and
so do the droplet temperature and vaporization rate, that slowly approach the
values of smaller droplets at the end of the droplet life-time, as shown in Fig. 3.6.
For even larger droplets, uniform temperature is not achieved until the droplet is
almost completely vaporized, and the droplet surface temperature Ts is slightly
below the temperature at the center of the droplet. Remarkably, the droplet
surface temperature becomes higher in larger droplets, approaching the boiling
temperature Tb = 351.44 K as the droplet radius a0 is increased.
To investigate why larger droplets do not follow the d2-law, it is helpful to estimate
the order of magnitude of the vaporization time due to the radiation coming
from the hot gas atmosphere surrounding the droplet. Using Eq. (2.17) and
(2.18) we obtain the characteristic time of evaporation of a droplet of initial
radius a0 exclusively due to the radiation coming form the hot atmosphere trad ∼
ρla0L/αeffσ(T 4

∞ − T 4
s ). Comparing trad with the evaporation time due to heat

conduction given in (3.20), we obtain the ratio

tevap

trad
∼ αeffσa0

2ρgDTgL

T 4
∞ − T 4

s

log (1 + cp(T∞ − Ts)/L)
=

{
0.04 d0 = 0.1mm

0.73 d0 = 2mm
(3.21)

As indicated by this expression and unlike the ratio t`/tevap, independent of the
droplet size, the importance of radiation heating increases linearly with the droplet
radius a0, becoming then the dominant vaporizing mechanism in sufficiently large
droplets. In small droplets or ambient temperatures close to the boiling temper-
ature, the ratio between this two characteristic times is small and the effect of
radiation is negligible during the evaporation process. As the size of the droplet
increases or the ambient temperature raises sufficiently above the boiling tem-
perature and radiation becomes relevant, modifying the linear of the square of
the droplet radius predicted by the d2-law. The effect of the droplet diameter on
the numerical value of the ratio tevap/trad is included in Eq. (3.21) for ambient
temperature T∞ = 800 K. Figures 3.6 and 3.7 illustrate the progressively more
evident departures from the d2-law as both the ambient temperature and the
droplet diameter are increased.
Finally, in Fig. 3.8 we numerically explored the effect of radiation by excluding
the radiation term in equation (2.17) during the vaporization of a droplet with
initial diameter d0 = 5 mm. The red dashed line in Fig. 3.8 represents the
case αeff = 0 and clearly indicates the importance of radiation on the accuracy
of the calculations. Its absence in the energy balance would lead to mistakenly
predict significantly lower droplet surface temperatures and a linear evolution
of the square of the droplet diameter that do not match with the experimental



56 Droplet Vaporization

measurements.
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Figure 3.6: Ethanol droplet vaporization in a hot nitrogen atmosphere at ambient
temperature and pressure of T∞ = 800K and p∞ = 1bar, respectively, and initial droplet
temperature Td0 = 300K. Subfigure (a) shows normalized droplet surface (d/d0)2 versus
dimensionless time τ . Subfigure (b) shows dimensionless gasification rate −d(d/d0)2/dτ
as a function of the dimensionless time τ . Subfigure (c) normalized droplet surface
(d/d0)2 versus surface temperature Ts. Lines represent different initial diameters d0 as
it is shown in the figure legend

3.4 Multi-component droplet vaporization

An important task of this work is to evaluate vaporization properties of multi-
component droplets, a significantly more difficult problem than single-component
vaporization droplets due to the existing uncertainties in the thermodynamics and
kinetic theory of liquid mixtures. First, results for bi-component droplets made of
n-dodecane and n-hexadecane will be obtained and compared with experimental
results to validate our model. After that, our attention will shift to the more
complex problem of the vaporization of droplets of ethanol and water, where we
analyze the effects of both the initial water content in the droplet V and ambient
humidity H.
In the case of bicomponent droplets, the evaporation time tevap given by (3.20) is
no longer a good estimate of the droplet lifetime. A better value of the droplet
lifetime can be obtained by considering that, within a droplet of initial radius a0,
the liquid components of the droplet are initially segregated. Assuming we only
have two components, the less volatile would occupy a sphere of radius a1 < a0
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Figure 3.7: Ethanol droplet temperature profiles as function of normalized radius
r/a0 for instants marked in Fig 3.6. Subfigure (a) shows temperature profiles for initial
droplet diameter of d0 = 2mm at instants marked from 1 to 8. Subfigure (b) shows
temperature profiles for initial droplet diameter of d0 = 0.1mm at instants marked from
i to vi.
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Figure 3.8: Ethanol droplet vaporization in a hot nitrogen atmosphere at same condi-
tion as those of Fig. 3.6. Subfigure (a) shows normalized droplet surface (d/d0)2 versus
dimensionless time τ . Subfigure (b) shows dimensionless gasification rate −d(d/d0)2/dτ
as a function of the dimensionless time τ . Subfigure (c) normalized droplet surface
(d/d0)2 versus surface temperature Ts. Lines represent different initial diameters d0 as
it is shown in the figure legend. Colors represent the value of the effective radiation
absortion coefficient, green lines: αeff = 0.93 and red lines: αeff = 0.
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in the innermost part of the droplet, while the most volatile component would
fill the outermost spherical space between the radii a1 and a0. Additionally,
we consider that the droplet components evaporate sequentially, with the most
volatile component evaporating first in a time

tevap1
=

a2
0 − a2

1

(da2/dt)1
, (3.22)

and then, after complete evaporation of the outermost liquid, the less volatile
component would evaporate in a time

tevap2
=

a2
1

(da2/dt)2
. (3.23)

The overall evaporation time is then obtained adding the evaportion time of each
fluid, yielding

tevap = tevap1
+ tevap2

(3.24)

Using this scale for the time, the curves for different initial compositions collapse,
as shown in Fig. 3.9 for n-dodecane/n-hexadecane droplets vaporization.

3.4.1 Vaporization of n-dodecane/n-hexadecane droplets

In this section we considered droplets of perfectly-mixed n-dodecane (C12H26)
and n-hexadecane (C16H34), liquid fuels with very different boiling temperatures
(Tb,C12H26

= 489K and Tb,C16H34
= 560K) and very small vapor pressure at atmo-

spheric conditions (pv,C12H26
' 18Pa and pv,C16H34

' 10Pa). The experimental
results by Han et al. [15] were used for comparison and validation purposes.
These experimental results were performed at ambient temperatures below the
fuels boiling temperatures, precluding the possibility of internal micro-bubble
formation and reducing the uncertainties associated with radiation.

In Fig. 3.9 we show experimental and numerical results, using both the rapid
mixing approximation and the full 1D model; in subfigures (a) and (b) the nor-
malized droplet surface and the time derivative of the normalized droplet surface,
respectively, are plotted. Notice that both numerical approximations give similar
results and show good agreement with experiments and the d2-law is approxi-
mately followed by both pure fuel curves and by the bi-component droplet in the
last stage of the vaporization, when the volatile component has vaporized. In
the case shown in the figure, t`/tevap ∼ 0.05 � 1 and the droplet temperature
becomes homogeneous within a short interval, growing from Td0 to temperatures
close to the boiling temperature Tb. These temperature variations are translated
into tenfold mass-diffusivity D` increases. Because of this, the ratio of mass-
diffusion time to droplet lifetime tD,`/tevap decreases, in a time of the order of t`,
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Figure 3.9: Droplet vaporization of n-dodecane and n-hexadecane mixtures in a hot
nitrogen atmosphere at ambient temperature and pressure of T∞ = 443K and p∞ = 1bar,
respectively, and initial droplet conditions of d0 = 1.2mm and Td0 = 315K. Subfigure
(a) shows the time evolution of droplets normalized surface (d/d0)2. Subfigure (b) shows
the temporal evolution of the dimensionless gasification rate d(d/d0)

2/dτ . Symbols:
experimental results by [15]; solid lines: present work with full 1D model; dashed lines:
present work with RM model. The colors indicate the droplet composition, as follow:
green: pure n-hexadecane, blue: 70% n-hexadecane and 30% n-dodecane (by volume),
red: pure n-dodecane.

Figure 3.10: Droplet profiles as function of normalized radius r/a0 for instants
marked in Fig 3.9 at instants marked from 1 to 8. Subfigure (a) shows the n-hexadecane
mass fraction profiles. Subfigure (b) shows temperature profiles for instants marked.
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from a value ∼ 1.7 to ∼ 0.17. Therefore, the droplet composition is essentially
frozen until the temperature grows and then volatile component can reach the
droplet surface to be vaporized, until it is depleted. This is the reason why, in
the case of 70%C16H34 shown in Fig. 3.9a, the normalized droplet surface curve
is first similar to the C12H26 curve and, when C12H16 is depleted at τ ∼ 0.5, the
curve approaches the curve for C16H34.

In Fig. 3.10 we show distributions of temperature and C16H34 for the instants of
time depicted with circles in Fig. 3.9(a). Notice the uniform temperature profiles
and how a mass fraction gradient is developed initially (τ . 0.2), as C12H26
evaporates more easily. As the temperature grows, the mass fraction becomes
uniform at τ ' 0.3, in agreement with the reasons given above.

3.4.2 Moisture and water content effects on ethanol droplet
vaporization.

We will next investigate the effect of water both in the initial droplet composition
and in the ambient. This is an important analysis for technical reasons, because
ethanol is hydrophilic and water from the ambient can easily be absorbed into the
fuel tank and because the water condensation process itself modifies the vaporizing
properties of the droplet, as we will show below

In Fig. 3.11 we show the effect of both the initial volumetric water content V =

VH2O/Vdroplet and ambient relative humidity

H =

 Xg,H2O,∞
p∞

pv,H2O
T < Tb

Xg,H2O,∞ T > Tb
(3.25)

on the evolution of a droplet evaporating in an inert nitrogen atmosphere at am-
bient temperature T∞ = 293K. According to the order of magnitude analysis
presented in Eq. (3.21), the small radius of the droplet and the low ambient tem-
perature anticipate a negligible influence of the ambient radiation.
The panels on the left compare the experimental results with our computa-
tions considering a dry atmosphere H = 0 and different initial water contents
V = (0, 0.24, 0.44). In all three cases, both the experimental and numerical re-
sults followed the classical d2-law until the liquid ethanol vaporized completely.
At that instant of time, the slope on the vaporization curve swiftly changes giv-
ing way to a new, but also constant, vaporization rate. This figure also confirms
that the Rapid Mixing (RM) approximation does not perform well to predict the
vaporization of bicomponent droplets.
The accuracy of the model in presence of ambient humidity is tested in the right
panels of Fig. 3.11 against the experiments carried out by [17] considering, also,
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a non-negligible water content inside the droplet V = 0.44. The matching be-
tween the numerical and experimental results is remarkable, with the 1-D model
accurately predicting the droplet lifetime. Again, the numerical results indicate
that the RM model does not perform well, mainly because the condensing of the
ambient moisture on the droplet surface forms a boundary layer of liquid water
that slowly diffuses towards the droplet center creating a concentration gradient.

H = 0 V = 0.44

Figure 3.11: Effect of initial water content in the droplet V and ambient relative
humidity H in the evolution of the normalized droplet surface (subfigures (a) and (b))
and in the evolution of the time derivative of the normalized droplet surface (subfigures
(c) and (d)). Solid lines: 1D simulations, dashed lines: RM simulations, symbols: ex-
periments [17]. All results correspond to the vaporization of a droplet of initial diameter
and temperature d0 = 47µm and Td0 = 293K, respectively, at ambient temperature
T∞ = 293K

Figure 3.12 analyzes, separately, the effect of the droplet water content V and
ambient relative humidity H on the vaporization of a droplet with initial diameter
d0 = 1 mm placed in an atmosphere at initial temperature T∞ = 800 K. This
figure shows the opposite effect that moisture and droplet water content have on
the vaporization rates.
In practical applications, liquid ethanol is commonly found with large quantities
of dissolved water due to its large hygroscopic character [26]. To account for this
effect, we analyzed the evaporation of water-ethanol droplets with V = (0.1, 0.2).
In all cases computed, the evaporation rate decreases, resulting in longer lifetimes
as we scale up the parameter V. The gasification rate of both water and ethanol
follows a similar evolution, as it is shown in Figs. 3.12(b) and (d), with a slow
monotonous decay after peaking shortly after the beginning of the vaporization
process. The profiles of ethanol mass fraction and temperature within the droplet
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are depicted in Figs. 3.13(b) and (d) for the case V = 0.2,H = 0. The large value
of the Lewis number of liquid ethanol in water Le = DT,l/Dl � 20 at 360 K 2

predicts the fast homogenization of temperature illustrated in Fig. 3.13b), where
the temperature profile becomes uniform during the first quarter of the droplet
lifetime. On the contrary, the slow mass diffusivity of the fuel does not promote
the migration of the volatile ethanol towards the surface of the droplet, and
both water and fuel vaporized simultaneously keeping the mass fraction almost
uniform until the end of the droplet life (Fig. 3.13).

The effect of ambient relative humidity H is opposite to that described above.
During the first stages of the vaporization, moisture condensed on the droplet
surface (Figs. 3.12) initially increasing its surface temperature and vaporization
rate when compared to the case H = 0. The condensed water slowly builds a
water-rich boundary layer that forms a concentration gradient inside the droplet
(Fig. 3.13(a)) that progressively reduces the gasification rate of C2H5OH until it
falls below the gasification rate computed for a dry ambient H = 0. As before, the
temperature within the droplet becomes rapidly uniform, even after the sudden
rise on the surface temperature observed when droplet runs out of ethanol (Fig.
3.13(c)).

Figure 3.12: Effect of initial water content in the droplet V and ambient relative hu-
midity H in the evolution of the normalized droplet surface (subfigure a), dimensionless
gasification rate (subfigure c), net vaporization rate of C2H5OH (subfigure b) and net
vaporization rate of H2O (subfigure d). All results correspond to full 1D simulations for
evaporation of a droplet of initial diameter and temperature d0 = 1mm and Td0 = 300K,
respectively, at ambient temperature T∞ = 800K and pressure p∞ = 1bar. Green line:
V = 0,H = 0; Blue lines: V = 0.1,H = 0; Red lines: V = 0.2,H = 0; Violet lines:
V = 0,H = 0.1; Orange lines: V = 0,H = 0.2

2Average temperature between the boiling temperatures of ethanol 351 K and water 373 K
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Figure 3.13: Structure of the solution for ethanol/water droplets vaporizing in a
humid atmosphere at instants marked in Fig. 3.12 (a). Subfigures (a) and (b) show
ethanol mass fraction profiles; Subfigures (c) and (d) show temperature profiles. The
orange lines (subfigures a and c) correspond to the case V = 0,H = 0.2 and red lines
(subfigure b and d) correspond to the case V = 0.2,H = 0
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3.A The Puffing phenomena

Multicomponent droplets may exhibit puffing, another feature that further
complicates modelling and validation. When large differences in volatility exists
between the droplet components, the temperature inside the droplet might
eventually becomes higher than the boiling temperature of the most volatile
component, favoring the nucleation of vapor bubbles inside the droplet. Their
subsequent growth and explosive boiling changes substantially the evolution of
the droplet vaporization process. Furthermore, when a fiber is used to fix the
droplet, the bubbles nucleate and remain attached at the fiber surface as they
grow.

(I) Heat up

(II) Bubble nucleation

(III) Puffing

(IV) Vaporization of the less
volatile component

Figure 3.14: Normalized droplet surface d2/d20 as a function of normalized time t/d20
for droplets 50% n-heptane and 50% n-hexadecane (in volume) in a hot nitrogen ambient
at temperature t∞ = 873K. Initial droplet diameter and temperature are, respectively,
d0 = 1.1mm and Td0 = 300K. Symbols denote experimental results by Ghassemi et al
[16] while lines correspond to present work numerical results, obtained using the RM
model. The colors denotsce the ambient pressure, red: p∞ = 1 bar; violet: p∞ = 5 bar.

In this appendix we consider bi-component droplets made of a mixture of n-
heptane (Tb,C7H16

= 372K, pv,C7H16
� 5kPa) and n-hexadecane (50% volume

each) at ambient temperatures T∞ = 873K, high enough to produce puffing. In
Fig. 3.14 we illustrate the temporal evolution of the droplet projected area for
different ambient pressures. The results from the simulations using the 1D model
and RM limit are included along with the experimental measurements obtained
by Ghassemi et al. [16]. At high ambient pressure (p∞ = 5 and 10 bar) the exper-
imental and numerical results agree qualitatively well, with their corresponding
slopes showing good agreement between the experiments and the numerical re-
sults. At p∞ = 1 bar striking differences appear between the experiments and
the model: in the first place, at lower ambient pressure the experiments show
longer droplet life time, the opposite to the simulations, also, computations show
a 2-stage vaporization with an intermediate stage of constant droplet radius while
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the experimental results hardly show the first stage vaporization. Recent work
[27] suggests that this inverse droplet lifetime is due to molecular transport of the
enthalpy of the individual species; this effect, taken into account in the formula-
tion, was not found relevant to explain that phenomenon. Instead, present work
results suggest that, given the good agreement shown by simulations regarding
vaporization rate, the first stage vaporization is affected by bubble nucleation;
subsequent bubble growth produce puffing, which is reflected by the noisy exper-
imental signal shown in Fig. 3.14. After depletion of the volatile component, the
curve becomes smooth and, again, the slopes of the experimental and simulation
curves are the same.
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Figure 3.15: Droplet vaporization of n-hetane and n-hexadecane mixtures in a hot
nitrogen atmosphere at ambient temperature and pressure of T∞ = 873K and p∞ =
10bar, respectively, and initial droplet conditions of d0 = 1.1mm and Td0 = 300K.
Subfigure (a) shows the time evolution of droplets normalized surface (d/d0)2. Subfigure
(b) shows the temporal evolution of the dimensionless gasification rate d(d/d0)2/dτ .
Symbols: experimental results by [16]; solid lines: present work with full 1D model;
dashed lines: present work with RM model. The colors indicate the droplet composition,
as follow: purple: pure n-hexadecane, green: 50% n-hexadecane and 50% n-heptane (by
volume), brown: pure n-heptane.

In Fig. 3.15 we show numerical results for droplets vaporization made of a mix-
ture of n-heptane and n-hexadecane, at ambient pressure p∞ = 10bar, changing
their initial concentration (0%/50%/100% in volume) and was compared with
experimental results of Ghassemi et al. [16]. It can be observed how for pure
vaporization fuels 1D model and RM limit are accurate in describing the droplet
surface evolution Fig. 3.15(a), also, the gasification rate in Fig. 3.15(b) shows
how the initial droplet diameters are too larges to consider its gasification rates as
a constant, see Fig. 3.6. For the bi-component mixture, the gasification constant
has two local maximum values corresponding with the maximum value for the
pure fuel case, but neither the RM limit or the 1D model exhibit a remarkable
distinction between the vaporization rates as experimental measurements shown.
In Fig. 3.14 it can be observed that the RM pronounce this distinction between
the vaporization zones but the droplet evaporation time is smaller in the simu-
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lations than in the experiments at atmospheric pressure. This suggests that a
physical mechanism, not included in the simulations, is present. Without further
detailed information from the experiments, and in the absence of other exper-
imental sources to make comparisons, we cannot conclude the reason for these
deviations.
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4.1 Introduction

Because of concerns about greenhouse gas emissions (essentially CO2), the use
of biofuels has been growing steadily in the last decade [1]. In countries like
the United Stated, Brazil, India, and China, the biofuel used most extensively is
ethanol. The characteristics of many biofuels such as ethanol make them suitable
for applications in existing propulsion and energy-generation devices, as an ad-
ditive to gasoline, or, in some cases, as stand-alone fuels themselves. The lower
energy density of biofuels is offset partially in many applications by an increase of
the octane number of the resulting fuel, as occurs in gasoline-ethanol mixtures, for
example, [2], thereby permitting higher compression ratios to increase the engine
efficiency. Although questions remain concerning their overall future promise and
the influences of biofuels on emissions of toxic pollutants, there clearly is sufficient
interest in ethanol to motivate studies of the chemical kinetics of its combustion.
Numerical fuel-specific simulations of combustion in bio-fueled engines, which play

71
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ever-increasing roles in studies of design optimizations to increase efficiencies, for
example, benefit greatly from the availability of chemical-kinetic mechanisms that
are as short and as accurate as possible, the development of which for ethanol is
the objective of the present work.

The specific aim of the present chapter is to derive multipurpose reduced ethanol
kinetic mechanisms that are able to describe, accurately and efficiently, both pre-
mixed flame propagation and autoignition, as well as structures of diffusion flames
and flame extinction, for a range of application-relevant conditions of pressure,
temperature, and equivalence ratio. These laminar combustion processes span a
sufficient set of phenomena that, once they all are encompassed, the same chem-
istry is likely to work well for describing practical turbulent combustion in engines,
which generally will involve a combination of these processes. The aim here paral-
lels that previous study of methanol [3] developed by our group. Since the length
and complexity of the mechanisms necessarily increase as the number of carbon
atoms in the alcohol increases, the present task is more difficult. The objective
nevertheless is found here to be achievable, and it may also be possible to address
even higher alcohols in the same vein in the future.

As a side benefit, in the process of reducing the mechanism we discuss the essential
chemical reaction routes that would lead to even shorter mechanisms capable
of describing specific combustion problems (e.g. flame propagation or ignition)
and we pinpoint areas in which the detailed mechanisms did not quantitatively
reproduce the experiments and deserve further investigation, such as ignition at
low temperature or the extinction of strained diffusion and premixed flames

4.2 Quantitative selection criteria

Besides general qualitative criteria, it is worthwhile to evaluate quantitative crite-
ria for comparisons of selections. Two such types of criteria are introduced here.
One is the CPU time; the CPU time for autoignition is defined here as the time
needed to complete the simulation starting with the prescribed initial conditions,
but for other problems, such as premixed flames, it is strongly dependent on ex-
actly how the problem is addressed. For premixed flames, in particular, in order
to establish a neutral test, each mechanism was run starting from a converged
solution at a pressure 0.5 bars above the pressure of the atmosphere being inves-
tigated, and the time needed to convergence from that condition was measured.
Although measures for other problems were not computed, they may be expected
to lie in the same relative order as those for premixed flames.

The second type of quantitative criterion considered was a normalized deviation
from experimental data points, defined as a percentage for any property Q ac-
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cording to

∆Q =
100

N

N∑
i=1

|Qsim,i −Qexp,i|
Qexp,i

, (4.1)

where N is the number of experimental data points, and the subscripts "sim" and
"exp" refer to the numerically computed result and the experimentally measured
value, respectively. This last choice, one of many possibilities, does not factor in
any possible experimental error and therefore could be misleading. To do better,
however, would require unavailable knowledge of experimental errors. The two
quantitative criteria, taken together, should provide a reasonable indication of
relative performance.

4.3 Selection of a detailed mechanism

The first task in a systematic reduction process is to select a detailed mechanism
as a starting point for the reduction. Ethanol is well studied, so that more than a
dozen detailed mechanisms are available for it in the literature. The selection is
made here on the basis of the computation cost and the degree of agreement with
experimental data, as indicated above. The mechanisms chosen for comparison
here are the San Diego mechanism [4] (SD), the AramcoMech v2.0 [5] (ARAMCO),
the C1-C3 mechanism from CRECK Modelling group [6] (CRECK), the Lawrence
Livermore National Laboratory mechanism [7] (LLNL) and the mechanism devel-
oped by the Laboratory for Chemical Kinetics Eötvös University [8] (ELTE). The
publication of the last of these mechanisms, an optimization study that began
with the San Diego mechanism as a starting trial, may be consulted for a listing
of other ethanol mechanisms. The five selected here are among the most successful
found in that study.

Table 1 lists the sizes of these mechanisms as well as the error estimates and CPU
times for each, for the logarithm of the autoignition time and for the laminar
burning velocity. It is seen that, although the accuracies of the five detailed
mechanisms are comparable, there are significant differences in the computational
costs. The San Diego and ELTE mechanisms are seen from this list to be the most
attractive ones from the viewpoint of size and CPU time. Since they differ little
in that respect, the San Diego mechanism is selected here.

As a further comparison, for the five mechanisms Fig. 4.1 shows autoignition de-
lays for stoichiometric ethanol-air mixtures at 13 bar as functions of temperature,
as well as laminar burning velocities at normal atmospheric pressure and at an
initial temperature of 373K (just above the dew point) as functions of the equiva-
lence ratio. There are many other measurements of burning velocities [9–23], but
since the resulting comparisons are similar, they are not shown here. The com-
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putations performed to generate the figures employed Cosilab [24], which uses a
mixture-average model for the transport properties that are needed in the flame
calculations. Cosilab [24] also was used to obtain computational results reported
later, the results being checked by additional computations with CHEMKIN [25],
exercising its multicomponent transport option. The differences between the pre-
dictions of the five mechanisms are seen in this figure to be comparable with
differences in experimental values, with the ELTE mechanism producing about
8% lower burning velocities under the conditions shown, a result that also ex-
tends to the burning-velocity dependence on pressure and initial temperature
(not shown). Shock-tube experiments were selected to compare with the compu-
tational results because the dispersion in the data, and therefore the uncertainty,
at high temperatures is typically smaller. All of the available mechanisms have a
tendency to over-predict measured autoignition times at the lower temperatures,
a deficiency that deserves further investigation and is not likely to be related to
cool-flame types of chemistry, since ethanol should not exhibit that kind of behav-
ior. The origin of the discrepancies appears to be related to the difficulties found
in trying to match shock-tube (and other) ignition data at low temperatures by
employing simple theoretical models that considered either constant pressure or
constant volume. Better predictions are expected if the appropriate time-pressure
variation is employed during the initial part of the ignition process, in which mild
ignition might occur prior to the strong ignition event [26, 27].
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Figure 4.1: Performance of the detailed mechanisms under analysis. Subfigure (a)
shows the ignition times of a stoichiometric ethanol-air mixture as a function of temper-
ature, for a pressure p = 13 bar. Subfigure (b) show the flame propagation velocity VL in
a mixture of ethanol-air as a function of the equivalence ratio φ, at atmospheric pressure
and fresh-mixture temperature T = 373K. The lines represent the results obtained with
detailed mechanisms and the symbols correspond to experimental results, as follows:

: San Diego Mechanism , : Aramcomech 2.0 , : Lawrence Liv-
ermore , : CRECK , : ELTE , ◦: Heufer and Olivier [28]; other
autoignition data (not shown) gave similar results [29–31] , �: Aghsaee et al. [9] , 4:
Knorsch et al.[32] , O: Varea et al. [10].
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Mechanism Size Error (%) defined by (4.1) Average CPU time
Reactions Species ∆log(tigD

) ∆VL ttig0D (s) tVL(min)

SD 268 54 5.21 7.51 <1 11.3
ARAMCO 2716 497 7.53 6.49 101 6999
LLNL 383 54 8.43 8.25 1 13.4
CRECK 2642 107 6.82 6.56 18 116
ELTE 251 49 6.57 12.51 <1 7.42

Skeletal 66 31 5.92 7.11 <1 2.71
Reduced 14 16 6.39 6.37 <1 0.93

Table 4.1: Global results and computational time associated for a each mechanism.

4.4 The skeletal mechanism

In order to reduce the computational cost associated with the chemistry, efforts
were focused on finding a minimal set of species and reactions capable of reproduc-
ing autoignition times and premixed-flame propagation velocities of ethanol-air
mixtures over a wide range of equivalence ratios, ambient pressure and tempera-
ture. These problems were considered to be the most relevant for the applications
and sufficiently generic for one to expect that the chemistry so developed may
well be correct for other applications as well. In deriving the skeletal mechanism,
the complete detailed description was used as a starting point followed by pro-
ceeding to discarding chemical species and elementary reactions with negligible
influences, to achieve sufficiently accurate predictions of the relevant combustion
phenomena. The final (minimal) skeletal mechanism, consists of the 31 species
and 66 reactions shown as table A1, in appendix 4.A. Most of the reactions in the
table are indicated to be irreversible; the backward rates are retained only in a
few of the reactions, as indicated, because their effects were found to be important
for achieving the desired accuracy. In all of the comparisons performed (like those
in Fig. 4.1), it was found to be practically impossible to distinguish by eye the
differences between the predictions of the detailed and skeletal mechanisms. For
that reason there is no point in exhibiting here any figures comparing the two.

Saxena and Williams [33] presented and discussed a reaction-path diagram, based
on detailed chemistry, for a partially premixed ethanol flame. A somewhat dif-
ferent approach was applied here, investigating the skeletal mechanism for both
lean and rich premixed flames; differences from the previous procedure are that
the final formation of CO and CO2 is included in the diagram here, and the per-
centages shown are based on the total carbon atom flux generated by C2H5OH
rather than on the attacking species. The results appear on the left in Fig. 4.2;
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in those subfigures, dashed circles identify steady-state species. The results ex-
hibit general qualitative agreement with pathways given by Saxena and Williams
[33], even though the conditions are not exactly the same. In both lean and rich
flames, ethanol oxidation to CO2 begins essentially along three abstraction routes
[34], producing ethylene through β-hydroxyethyl (CH2CH2OH, on the left), and
leading to methyl through both α-hydroxyethyl (CH3CHOH, in the center) and
ethoxy (CH3CH2O, on the right). In addition, while the partially premixed flame
(with an adiabatic flame temperature of 2240 K) exhibited more than 20 per-
cent of the initial fuel removal occurring through unimolecular decomposition to
ethylene and water, that path is negligible for the present lean flame but of com-
parable importance in the rich case. All routes lead, of course, to an appreciable
amount of CO2, mainly through CO, although for rich flames most of the carbon
remains in CO, and 3% bypasses CO to form CO2 directly along the ethylene
route, and where, moreover, as much as 8 percent of the carbon remains in com-
pounds containing two carbon atoms, primarily acetaldehyde. The difference in
the final conversion ratio from CO to CO2 between the lean and the rich flames
is captured well by the skeletal mechanism. As is well known, acetaldehyde, ob-
tained through the α-hydroxyethyl and ethoxy paths, plays an important role in
the oxidation, being consumed by H-atom abstractions to produce the radicals
CH2CHO and CH3CO, as well as by C-C bond breaking to produce CH3 and
HCO directly, for rich flames. The ethylene oxidation route becomes dominant at
high equivalence ratios, while the most important route for lean flames appears
to be the ethoxy route. Both routes are interconnected by many intermediate
species generated in the oxidation process, most of them being in steady state.

4.5 The systematically reduced mechanism

The skeletal mechanism can be further reduced by introducing steady-state
assumptions for intermediates, as indicated in the abstract. Extensive com-
putational testing of steady-state approximations for all species was made
by calculating the relative fractional differences between the production and
consumption rates |(ωp−ωc)/max(ωp, ωc)|, in the test problems identified above,
then requiring the relative fractional differences to be sufficiently small (never
reaching 0.1, for example) for introduction of the steady state. Most of the
species identified in the abstract are radicals that are expected to be present
in small concentrations and would be anticipated to maintain accurate steady
states. The radicals OH and CH3 also would be expected to obey accurate
steady-state approximations, and indeed they do, according to our criteria. The
concentrations of these last two species, however, appear in the rate expressions
for many of the elementary steps, thereby preventing the derivation of an explicit
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sequential computational procedure, such as that to be given later, if they are
eliminated through their steady states. For this reason they are retained as
species present in the systematically reduced mechanism, as had to be done
previously for OH in our development of the systematically reduced mechanism
for methanol [3]. If steady-state approximations had been introduced for all
of the species that maintain accurate steady states, necessitating performing
iterations or resorting to special computer programs, then the following 14-step
mechanism would be reduced to a 12-step mechanism, having only two fewer
species than the 16 to be retained, which could produce only a small advantage,
if any, at best.
Besides applying to radicals, the steady-state approximation is introduced here
for three stable species as well, namely CH4, C2H6, and CH2CO. We previously
found [3] that, in methanol combustion, methane is created in very small
concentrations in side reactions and is then efficiently consumed by radicals. Not
surprisingly, that was found to remain true for methane in ethanol combustion
as well, according to the present computations, and, as may be expected, it also
applies to ethane, for the same kinds of reasons that produce this result for
methane in methanol flames. Possibly more surprising may be the finding of
a steady state for ketene; it arises directly along one of the two H-abstraction
paths of acetaldehyde and is significant in adjusting relative formation rates
of formaldehyde (more dominant under lean conditions) and methyl through
variations of the rates of its two consumption paths, but apparently both of those
consumption rates are fast enough to keep its concentration low and to maintain
its steady state.
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The overall steps for the reduced mechanism are taken to be

H + OH
I

 H2O (4.2)

2H + M
II

 H2 + M (4.3)

H + HO2

III

 2OH (4.4)

H + O2

IV

 HO2 (4.5)

2OH + M
V

 H2O2 + M (4.6)

CO + OH
VI

 CO2 + H (4.7)

CH2O
VII

 CO + H2 (4.8)

CH3 + O2

VIII

 CH2O + OH (4.9)

C2H2 + O2

IX

 2CO + H2 (4.10)

C2H4 + M
X

 C2H2 + H2 + M (4.11)

CH3CHO
XI

 CH3 + CO + H (4.12)

CH3CH2O + M
XII

 CH3CHO + H + M (4.13)

C2H5OH + OH
XIII

 CH3CH2O + H2O (4.14)

C2H5OH
XIV

 C2H4 + H2O (4.15)

The rates of non-elementary reversible reactions (4.2)-(4.15) and the concentra-
tions of the steady-state species, needed to evaluate the elementary reaction rates,
are summarized in appendix 4.B and at [35].
The right-hand side of Figs. 4.2(b) and 4.2(d) shows the pathways obtained
with the reduced mechanism for lean and rich flames. The final form of the 14-
steps reduced mechanism was chosen, as far as possible, so that the final reaction
pathways correspond to those of the more detailed skeletal mechanism. After the
systematic reduction there are only two paths for consumption of the fuel ethanol,
the steady state for β-hydroxyethyl having combined that abstraction with the
unimolecular formation of ethylene, and the steady state for α-hydroxyethyl hav-
ing now combined its path with the path through ethoxy (a radical that does not
obey an accurate steady state) to acetaldehyde. The simplifications associated
with this 14-step mechanism lead to acetaldehyde always producing methyl and
carbon monoxide in equal proportions and to all of the methyl passing through
formaldehyde. A notable difference for the rich flames is that, after the system-
atic reduction, ethylene becomes the dominant product species having two carbon
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atoms, rather than the acetaldehyde of the skeletal mechanism, thereby making
the systematically reduced mechanism inappropriate for use in detailed investiga-
tions of pollutant production in these flames.
The pathway diagrams are complemented by calculation of the adiabatic equilib-
rium states, with results shown in Fig. 4.3 for an ethanol-air mixture of varying
equivalence ratio φ at normal atmospheric initial conditions. As expected, the adi-
abatic flame temperature and the associated equilibrium mole fractions obtained
with the detailed mechanism are very close to the values obtained assuming ther-
modynamic equilibrium except at very rich equivalence ratios, favoring the ability
of both the skeletal and reduced mechanisms to describe triple-flame dynamics
[36].

4.6 Comparisons of predictions

The quantitative tests shown in table 4.1 indicate errors in both the skeletal
and reduced mechanisms that are quite comparable with those of the detailed
mechanism for the problems addressed (differences from burning-velocity and
autoignition-time measurements being well below 10 %), while they both afford
gains in computational times for premixed-flame problems. Those gains are likely
to be larger for more complex calculations, such as those needed in studying
turbulent combustion.

Predictions of the detailed, skeletal, and reduced mechanisms for the experiments
of Fig. 4.1 are compared in Fig. 4.4, where it is seen that the differences be-
tween these predictions are quite small for these cases, as was found also for other
autoignition and burning-velocity tests. Predictions of burning velocities at el-
evated pressures by the reduced mechanism, in fact, fortuitously are in almost
exact agreement with experiment [11], while the detailed and skeletal mecha-
nisms exhibit overpredictions smaller than 1%. Computations of stoichiometric
flame structures at normal atmospheric conditions showed that predictions of peak
concentrations by the skeletal and reduced mechanisms for major stable species
typically differed by less than 10 %, never exceeding about 30 %, while for some of
the steady-state radicals the differences ranged from a factor or 2 to a factor of 5,
possibly affecting some of the chemical pathways comparably. Differences for the
stable side-produced species methane and ethane, however, often were found to
be much greater than that, thereby indicating possible substantial inaccuracies in
predictions of the concentrations of these two species by the reduced mechanism;
while it is worth keeping this observation in mind, these differences are unlikely
to affect any other conclusions appreciably, since those species do not play any
role in other chemical pathways.
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Figure 4.2: Reaction-pathway diagrams for ethanol-air premixed flames based on the
66-steps skeletal mechanism and 14-steps reduced mechanism. The upper and lower
rows correspond to lean (φ = 0.6) and rich (φ = 1.5) flames, respectively. The left
and right columns correspond to the skeletal and reduced mechanisms, respectively, at
normal atmospheric pressure and an initial temperature of 300 K. The species in steady
state are identified by dashed circles in subfigures (a) and (c) on the left. The numbers
denote the whole-domain integral of Carbon-atom flux starting from the initial C2H5OH
source.
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Skeletal Mechanism, : 14-steps Reduced Mechanism, Symbols represent thermo-
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Comparisons of predictions and experiments [37] for counterflow premixed-flame
extinction conditions in flows against a cold nitrogen stream are shown in Fig.
4.5. Here strain rates at extinction are plotted as functions of the equivalence
ratio for an oxygen mass fraction in the oxygen-nitrogen oxidizer stream added
to the fuel stream of 0.185 (on the left) and for variations of that oxygen mass
fraction in stoichiometric mixtures (on the right). As was previously observed
for counterflow diffusion flames [33], the detailed San Diego mechanism tends to
underpredict the experimentally observed extinction strain rates. In the plot on
the left it is seen that the predictions of the skeletal mechanism lie within 6% of
those of the detailed mechanism but are slightly closer to the experimental data
for rich flames, while the plot on the right indicates virtually no difference between
these two predictions. Although not very different from the other predictions, the
results of the reduced mechanism show lower strain rates at extinction than the
skeletal mechanism, noticeably farther from the experimental data. Along with
the comparisons shown on the right in Fig. 4.4, these results are representative
of the accuracies to be expected in premixed-flame computations when using the
simplifications developed herein.

Extinction conditions for diffusion flames were calculated with the skeletal and
reduced mechanisms and were found to differ very little from those obtained with
the detailed mechanism. The differences between the predictions of extinction
conditions for the different mechanisms for diffusion flames are comparable with
or less than those seen in Fig. 4.5 and therefore are not included here. Skeletal-
mechanism calculations of diffusion-flame extinction with mixture-average and
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multicomponent transport descriptions using CHEMKIN [25] exhibited the same
substantial differences as those reported previously [33] for the detailed mecha-
nism.

Reduced-mechanism predictions of measured counterflow diffusion-flame struc-
tures were previously reported for methanol [3], and predictions of the detailed
San Diego mechanism were reported and discussed previously for corresponding
counterflow ethanol flames [33], exhibiting generally good agreement with experi-
ment. Counterflow ethanol diffusion flames are very thin, leading to difficulties in
gas sampling that translate to inaccuracies in measured temperature and concen-
tration profiles, but partial premixing of oxidizer into the fuel stream significantly
spreads out the counterflow flame, improving measurement accuracy, while pro-
viding essentially the same tests of chemical-kinetic predictions. Comparisons of
predictions of the detailed mechanism with experiments for these partially pre-
mixed flames were made previously [33], yielding good agreements, and Fig. 4.6
shows corresponding comparisons for the skeletal and reduced mechanisms. The
calculations, made with mixture-average transport descriptions like those avail-
able in Cosilab [24], were compared with calculations made with CHEMKIN [25]
employing multicomponent diffusion instead, and in this case (contrary to what
is sometimes found for diffusion-flames, especially in extinction) there were negli-
gible differences in the results obtained. The profiles of temperature and of con-
centrations of major species predicted by the skeletal mechanism, shown in Fig.
4.6, are indistinguishable from the profiles [33] found with the detailed chemistry,
and they are nearly identical to those obtained with the reduced mechanism, also
shown in Fig. 4.6.

For the minor stable species, C2H2+C2H4, C2H6 and CH4 (the last not shown in
Fig. 4.6), the predictions of the skeletal mechanism are somewhat different from
those of the detailed mechanism, resulting in more of the first two (around 20
% more C2H2+C2C4 and nearly twice as much C2H6, found by comparing the
results shown here with those reported previously [33] but not plotted here) and
predicting much less CH4 (less than 1/3 as much as is shown in the previous refer-
ence). In addition, the reduced mechanism is seen in the figure to give noticeably
more C2H2+C2H4 than the skeletal mechanism, and a narrower and taller (by
a factor of 2) C2H6 peak, much higher than the measurement. These observa-
tions further emphasize substantial differences in predictions of the skeletal and
reduced mechanism for minor stable species concentrations and also demonstrate
inaccuracies in predictions of the skeletal mechanism for those species. It may
be concluded in general that, apart from inaccurate predictions for these minor
stable species and specially questionable usefulness of the reduced mechanism for
investigations of pollutant production, both the skeletal and reduced mechanisms
perform quite well.
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4.A The skeletal mechanism

In this table of rate constants for the skeletal mechanism, the numbering of the
steps is selected to be the same as that in the San Diego mechanism, to facilitate
comprehension.

Table A1: Rate coefficients in Arrhenius form κ = ATn exp [−E/(RoT ′)] for the
skeletal mechanism. Units are mol, s, cm3, cal, and K.
No.∗ Reaction Aa n Ea

1 H + O2 
 OH + O 3.52·1016 -0.7 17069.79
2 H2 + O
 OH + H 5.06·1004 2.7 6290.63
3 H2 + OH
 H2O + H 1.17·1009 1.3 3635.28
4 H2O + O
 2 OH 7·1005 2.3 14548.28
5 2 H + M(1) 
 H2 + M(1) 1.3·1018 -1 0
6 H + OH + M(2) 
 H2O + M(2) 4·1022 -2 0
8 H + O + M(4) 
 OH + M(4) 4.71·1018 -1 0
10 H + O2(+M(5))
 HO2(+M(5)) κ0 5.75·1019 -1.4 0

κ∞ 4.65·1012 0.4 0
11 HO2 + H
 2 OH 7.08·1013 0 294.93
12 HO2 + H→ H2 + O2 1.66·1013 0 822.90
13 HO2 + H
 H2O + O 3.1·1013 0 1720.84
14 HO2 + O→ OH + O2 2·1013 0 0
15 HO2 + OH
 H2O + O2 7·1012 0 -1094.65

4.5·1014 0 10929.73
16 2 OH(+M(6))
 H2O2(+M(6)) κ0 2.76·1025 -3.2 0

κ∞ 9.55·1013 -0.3 0
17 2 HO2 → H2O2 + O2 1.03·1014 0 11042.07

1.94·1011 0 -1408.94
20 H2O2 + OH→ H2O + HO2 1.74·1012 0 1434.03

7.59·1013 0 7272.94
22 CO + OH
 CO2 + H 4.4·1006 1.5 -740.92
25 HCO + M(7) → CO + H + M(7) 1.86·1017 -1 17000.48
26 HCO + H→ CO + H2 5·1013 0 0
29 HCO + OH→ CO + H2O 3·1013 0 0
30 HCO + O2 → CO + HO2 7.58·1012 0 409.89
31 HCO + CH3 → CO + CH4 5·1013 0 0
33 CH2O + H→ HCO + H2 5.74·1007 1.9 2748.57
34 CH2O + O→ HCO + OH 3.5·1013 0 3513.38
35 CH2O + OH→ HCO + H2O 3.9·1010 0.9 406.31
38 CH4 + H→ H2 + CH3 1.3·1004 3 8037.76
39 CH4 + OH→ H2O + CH3 1.6·1007 1.8 2782.03
45 CH3 + OH
 S−CH2 + H2O 4·1013 0 2502.39
46 CH3 + O→ CH2O + H 8.43·1013 0 0

Continued on next page
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Table A1 – continued from previous page
No.∗ Reaction Aa n Ea

48 CH3 + HO2 → CH3O + OH 5·1012 0 0
49 CH3 + O2 → CH2O + OH 3.3·1011 0 8941.20
52 2 CH3 
 C2H5 + H 3.16·1013 0 14698.85
53b H + CH3(+M(9,b))→ CH4(+M(9,b)) κ0 2.47·1033 -4.8 2440.01

κ∞ 1.27·1016 -0.6 382.89
54 2 CH3(+M(8))→ C2H6(+M(8)) κ0 1.27·1041 -7 2762.91

κ∞ 1.81·1013 0 0
56 S−CH2 + O2 → CO + OH + H 3.13·1013 0 0
64 T−CH2 + O2 → CO2 + H2 2.63·1012 0 1491.40
65 T−CH2 + O2 → CO + OH + H 6.58·1012 0 1491.40
76 CH3O + M(9) → CH2O + H + M(9) 7.78·1013 0 13513.38
79 C2H6 + OH
 C2H5 + H2O 2.2·1007 1.9 1123.33
87 C2H5(+M(9))
 C2H4 + H(+M(9)) κ0 3.99·1033 -5.0 40000

κ∞ 1.11·1010 1.0 36768.64
89 C2H4 + OH
 C2H3 + H2O 5.53·1005 2.3 2963.67
98 C2H3 + H→ C2H2 + H2 4·1013 0 0
100 C2H3 + O2 → CH2O + HCO 1.7·1029 -5.3 6503.11
101 C2H3 + O2 → CH2CHO + O 7·1014 -0.6 5262.43
104 C2H2 + O
 T−CH2 + CO 1.6·1014 0 9894.84
108 CH2CO + H→ CH3 + CO 1.5·1009 1.4 2688.81
125 CH2OH + O2 → CH2O + HO2 5·1012 0 0
128 CH2CO + OH→ CH2OH + CO 1.02·1013 0 0
137 CH2CHO→ CH2CO + H 1.047·1037 -7.2 44340.34
147 CH3CHO
 CH3 + HCO 7·1015 0 81700.05
148 CH3CO(+M(9))→ CH3 + CO(+M(9)) κ0 1.2·1015 0 12500

κ∞ 3·1012 0 16700.05
149 CH3CHO + OH→ CH3CO + H2O 3.37·1012 0 -619.98
153 CH3CHO + H→ CH3CO + H2 4.66·1013 -0.3 2989.96
154 CH3CHO + H→ CH2CHO + H2 1.85·1012 0.4 5359.94
160 C2H5OH(+M(9))→ CH3 + CH2OH(+M(9))κ0 3·1016 0 58000.00

κ∞ 5·1015 0 82000.00
161 C2H5OH(+M(9))→ C2H4 + H2O(+M(9)) κ0 1·1017 0 54000.00

κ∞ 8·1013 0 65000.00
162 C2H5OH + OH→ CH2CH2OH + H2O 1.81·1011 0.4 717.02
163 C2H5OH + OH→ CH3CHOH + H2O 3.09·1010 0.5 -380.02
164 C2H5OH + OH→ CH3CH2O + H2O 1.05·1010 0.8 717.02
166 C2H5OH + H→ CH3CHOH + H2 2.58·1007 1.6 2830.07
170 C2H5OH + O→ CH3CH2O + OH 1.58·1007 2 4450.05
174 C2H5OH + HO2 → CH3CHOH + H2O2 8.2·1003 2.5 10799.95
177 C2H4 + OH
 CH2CH2OH 2.41·1011 0 -2380.02
179 CH3CH2O + M(9) → CH3CHO + H + M(9) 5.6·1034 -5.9 25299.95
180 CH3CH2O + M(9) → CH3 + CH2O + M(9) 5.35·1037 -7 23799.95

Continued on next page
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Table A1 – continued from previous page
No.∗ Reaction Aa n Ea

181 CH3CHOH + O2 → CH3CHO + HO2 4.82·1013 0 5020.08

∗Reactions numbers according to San Diego mechanism version SD_2014-10-04.
Third-body Chaperon efficiencies are given by:
[M(1)] = 0.5 [Ar] + 0.5[He] + 2.5 [H2] + 12 [H2O] + 1.9 [CO] + 3.8 [CO2] + 1 [other].
[M(2)]−−0.38 [Ar] + 0.38 [He] + 2.5 [H2] + 12 [H2O] + 1.9 [CO] + 3.8 [CO2] + 1 [other].
[M(4)]−−0.75 [Ar] + 0.75 [He] + 2.5 [H2] + 12 [H2O] + 1.9 [CO] + 3.8 [CO2] + 1 [other].
[M(5)]−−0.7[Ar] + 0.7[He] + 2.5 [H2] + 16 [H2O] + 1.2 [CO] + 2.4 [CO2]

+ 1.5 [C2H6] + 1 [other].
[M(6)]−−0.7[Ar] + 0.4[He] + 2.5 [H2] + 6[H2O] + 1.5 [CO] + 2.4 [CO2]

+ 6[H2O2] + 1 [other].
[M(7)]−−1.9[H2] + 12[H2O] + 2.5 [CO] + 2.5 [CO2] + 1 [other].
[M(8)]−−0.7[Ar] + 2[H2] + 6[H2O] + 1.5 [CO] + 2[CO2] + 2[CH4] + 3 [C2H6] + 1 [other].
[M(9)]−−0.7[Ar] + 2[H2] + 6[H2O] + 1.5 [CO] + 2[CO2] + 2[CH4] + 1 [other].
[M(9,b)]−−0.7[Ar] + 2[H2] + 16[H2O] + 1.5 [CO] + 2[CO2] + 2[CH4] + 1 [other].
Pressure dependent reactions are described by the TROE-formulation.
The centering parameters are given by:
Fc,10 f =0.5, Fc,16 f =0.43.
Fc,53 f =0.217 exp(-T/74 K) + 0.783 exp(-T/2755 K) + exp(6570 K/T).
Fc,54 f =0.38 exp(-T/73 K) + 0.62 exp(-T/1180 K).
Fc,87 f =0.832 exp(-T/1203 K).
Fc,148 f =1, Fc,160 f =0.5, Fc,161 f =0.5.
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4.B Reaction rates for the reduced mechanism
and expressions for the concentrations of
steady-state species

The rates of the reactions (4.2)-(4.15) (moles per unit volume per unit time)
specified above are given in terms of the elementary reactions as

ωI =ω2 − ω1 + ω3 + ω6 + ω8 + ω14 + ω15 + ω20 + ω29

+ ω31 + ω34 + ω35 − ω38 + ω45 + ω46 + ω53 + ω79

+ ω98 + ω100 + ω104 + ω149 − ω160 + ω163 − ω181

(4.16)

ωII =ω5 − ω3 − ω2 + ω12 + ω26 − ω34 − ω35 + ω38

− ω45 − ω65 − ω100 − ω137 + ω148 − ω149

+ 2ω154 + ω160 − ω163 − ω174 + ω180 + ω181

(4.17)

ωIII =ω1 + ω11 + ω13 + ω17 − ω20 − ω46

− ω87 − ω128 + ω137 − ω154 + ω174

(4.18)

ωIV =ω1 + ω10 − ω12 − ω14 − ω15 − ω17 + ω30

− ω46 − ω48 − ω87 + ω137 − ω154 + ω160 + ω181

(4.19)

ωV =ω16 + ω17 − ω20 + ω174 (4.20)

ωVI =ω22 − ω65 + ω104 (4.21)

ωVII =ω25 + ω26 + ω29 + ω30 + ω31 + ω45 + 2ω87 − 2ω100

− ω137 − ω147 + ω154 − ω160 − ω180

(4.22)

ωVIII =ω45 + ω46 + ω48 + ω49 + 2ω87 + ω128 − ω137 + ω154 (4.23)

ωIX =ω100 − ω87 + ω104 + ω137 − ω154 (4.24)

ωX =ω98 − ω87 + ω100 + ω137 − ω154 (4.25)

ωXI =ω147 + ω148 + ω154 + ω160 + ω180 (4.26)

ωXII =ω160 + ω179 + ω180 + ω181 (4.27)

ωXIII =ω160 + ω164 + ω170 + ω181 (4.28)

ωXIV =ω161 + ω162 (4.29)

The concentrations of the steady-state species, needed for the evaluation of the
above elementary rates, can be computed sequentially in terms of those of the
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sixteen reactive species retained in the reduced description (C2H5OH, O2 , CO2

, H2O, H2, CO, H, OH, HO2 , H2O2, CH2O, CH3CH2O, CH3CHO, C2H4, C2H2

and CH3) through the equations

CC2H3
= CC2H4

κ89 fCOH

κ101 fCO2
+ κ100 fCO2

+ κ98 fCH + κ89 bCH2O
(4.30)

CO =
C1
A22

C1
B1

C1
A11

C1
A22
− C1

A12
C1
A21

; CT−CH2
=

C1
A21

C1
B1

C1
A11

C1
A22
− C1

A12
C1
A21

(4.31)

CCH3CHOH = CC2H5OH

κ163 fCOH + κ166 fCH + κ174fCHO2

κ181 fCO2

(4.32)

CHCO =
κ147 fCCH3CHO + κ100 fCC2H3

CO2
+ CCH2O(κ33 fCH + κ34 fCO + κ35 fCOH)

(κ147 b + κ31 f)CCH3
+ κ30 fCO2

+ κ29 fCOH + κ26 fCH + κ25 fCM(7)

(4.33)

CCH3CO = CCH3CHO
κ153 fCH + κ149 fCOH

κ148 f
(4.34)

CCH2CHO =
κ101 fCC2H3

CO2
+ κ154 fCCH3CHOCH

κ137 f
(4.35)

CCH2CO = CCH2CHO
κ137 f

κ128 fCOH + κ108 fCH
(4.36)

CCH2OH =
κ160 fCC2H5OH + κ128 fCCH2COCOH

κ125 fCO2

(4.37)

CS−CH2
= CCH3

κ45 fCOH

κ45 bCH2O + κ56 fCO2

(4.38)

CC2H5
=

C2
A12

C2
B2

+ C2
A22

C2
B1

C2
A11

C2
A22
− C2

A12
C2
A21

; CC2H6
=

C2
A11

C2
B2

+ C2
A21

C2
B1

C2
A11

C2
A22
− C2

A12
C2
A21

(4.39)

CCH4
= CCH3

κ53 fCH + κ31 fCHCO

κ34 fCOH + κ38 fCH
(4.40)
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CCH2CH2OH =
κ177 fCC2H4

COH + κ162 fCC2H5OHCOH

κ177 b
(4.41)

CCH3O = CCH3

κ48 fCHO2

κ76 fCM(9)

(4.42)

obtained by algebraic manipulation of the steady-state equations, with the com-
pact expressions

C1
A11

= κ170 fCC2H5OH + κ104 fCC2H2
+ κ46 fCCH3

CHO2

+ κ34 fCCH2O + κ14 f + κ13 bCH2O + κ8 fCHCM(4)

+ κ4 fCH2O + κ2 fCH2
+ κ1 bCOH

C1
A12

= κ104 bCCO; C1
A21

= κ104 fCC2H2

C1
A22

= κ104 bCCO + κ65 fCO2
+ κ64 fCO2

C1
B1

= κ101 fCC2H3
CO2

+ κ13 fCHO2
CH + κ8 bCOHCM(4)

+ κ4 bCOHCOH + κ2 bCOHCH + κ1 fCHCO2

(4.43)

introduced in (4.31), and

C2
A11

= κ87 f + κ79 bCH2O + κ52 bCH

C2
A12

= κ79 fCOH; C2
A21

= κ79 bCH2O

C2
A22

= κ79 fCOH

C2
B1

= κ87 bCC2H4
CH + κ52 fCCH3

CCH3

C2
B2

= κ54 fCCH3
CCH3

(4.44)

employed in (4.39). The subscripts f and b are used in (4.30)-(4.39) to denote
the forward and backward rate constants for the reactions in Table 4.1. The
order in which the expressions (4.30)-(4.42) are arranged is intended to facilitate
evaluation; the concentration of C2H3 is to be computed first, followed by that of
O, which depends on C2H3, and those of the remaining steady-state species.
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5.1 Introduction

Liquid fuels are widely used in combustion applications [1]. To release their
chemical energy in combustion applications they must first be vaporized in an
endothermic phase change that takes place more efficiently after injecting the
fuel, typically as a spray, directly in the combustion chamber. The relevance of
the problem has motivated an intensive research in both liquid fuel vaporization
and combustion for sprays [2–6] and individual droplets [7–10].

To ameliorate air quality in big cities, CO2 and diesel-specific engine pollutants
emissions are in the spotlight, especially particulates and nitrogen oxide NOx. The
most popular strategy to reduce NOx makes use of aftertreatment technologies
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such as the selective catalytic reduction [11] and the injection of ammonia or
urea [12] in the exhaust gases to reduce NOx into harmless nitrogen. On the
other hand, the strategy to reduce greenhouse gas emissions is based on a sharp
increase of the engine efficiency and in the substitution of oil and diesel by other
fuels with better carbon footprint, such as ethanol, that can be added in significant
amounts to existing fuels. Additionally, the utilization of ethanol/gasoline blends
in spark ignition engines increases the octane index allowing larger compression
ratios that lead to better efficiencies [13]. The use of mixtures of ethanol/diesel,
ethanol/biodiesel and ethanol/Jet A is seen as a good strategy to reduce soot,
promote the vaporization of biodiesel droplets [14] and increase the flexibility in
the control of NOx emissions [15, 16].

The transient behaviour of the autoignition of alkane droplets has been extensively
studied due to its technological interest. Both experimental [17–22] and numerical
studies [23–25] of n-heptane, n-dodecane and n-hexadecane have revealed a catalog
of exotic ignition behaviours, that includes single-stage ignition, two-stage ignition
and cool flames.

Unlike the hydrophobic alkanes, in the vaporization and combustion of alcohols,
water vapor freely condensates on the surface of the droplet and subsequently
dissolves into the droplet interior [26], forming a multicomponent droplet whose
vaporization differs from the characteristic d2-law. The difficulties to control the
ambient conditions [27] explains the lack of experimental and numerical stud-
ies on the evaporation and autoignition of ethanol droplets. The experimental
[14, 16, 26, 28–30] and numerical [31, 32] studies found in the literature focused,
mainly, in the quasi-steady regime, when the flame temperature remains almost
constant and the droplet radius recedes following the d2-law. In this case, the ex-
perimental setup is simpler and the time available for observation is maximized by
forcing ignition early in the droplet lifetime. Also, from a numerical point of view,
the stiffness of the problem is reduced. Only the numerical study by Kazakov et
al. [31] takes into account the water accumulation in the liquid phase but they
used, as initial condition, a gas phase temperature distribution that simulates the
presence of a spark [33]. Unlike them, this work includes the gravityless descrip-
tion of the unsteady evaporation and autoignition stages of an individual droplet
of radius a(t) that precedes the quasi-steady regime in a hot air environment at a
temperature T∞ and a pressure p∞, giving an accurate description of the sudden
increase of temperature that characterizes this period and taking into account the
water content of liquid ethanol and water condensation either from the ambience
or generated at the flame.

The need of detailed combustion chemistry to model combustion of ethanol
droplets was rapidly recognized as the the numerical and theoretical results did
not match well with the experiments. Faccini [34] used the Schvab-Zel’dovich [35]
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formulation, that assumes an infinitely thin reaction region, to analytically study
quasi-steady droplet combustion, obtaining an overestimation of the combustion
temperatures. Also considering an infinitely thin reaction region, Ulzama and
Specht [36] questioned the validity of the quasi-steady approximation considering
that the diffusion of oxidizer to the reaction region was unsteady during the whole
droplet combustion period to correct the overestimation of the flame temperature
found by [37]. Kazakov et al [31] circumvented the problem using a detailed gas-
phase kinetics of ethanol oxidation which consisted of 142 reversible reactions of
33 species. As we will show below, in this paper we use for first time a reduced
combustion mechanism, formed by 15 reactions and 17 species [38], to compute an
unsteady combustion problem that involves autoignition, rich and lean premixed
flames and diffusion flames. This multipurpose reduced mechanism, apart from
reducing the computational time by a factor 100 [39], is used to demonstrate that
the quasi-steady reaction region is much thicker than expected, spanning several
droplet diameters, questioning the assumption of thin reaction region used in
previous analytical studies [35–37, 40].

5.2 Modified multipurpose reduced chemistry for
ethanol combustion

A new multipurpose skeletal and reduced chemical-kinetic mechanisms was de-
rived in Chapter 4 and published in [39] for ethanol combustion, identifying 66
elementary steps and employing them to define a 14-step reduced mechanism
involving 16 species, obtained through the introduction of suitable steady-state
approximations for 15 intermediary species. The 14-step reduced mechanism was
developed with the aim of obtaining fast and robust multipurpose chemistry, able
to cope with different combustion problems. It was satisfactorily tested in [39]
against the results obtained with full chemistry for burning-velocity, diffusion-
flame, and autoignition experiments. In the same spirit, we proceeded to apply
this reduced kinetic mechanism to compute the unsteady vaporization and com-
bustion of a single ethanol droplet. This test is more stringent than the tests
used previously to validate reduced mechanisms [39, 41] since it encompasses
non-homogeneous autoignition, rich and lean premixed-flame propagation, and
the development and motion of a diffusion flame, as well as a the presence of a
cold boundary at the receding droplet surface.

A single droplet in an infinite stagnant ambient atmosphere without gravity or
forced flow is considered, so that the flow has spherical symmetry, the distance
r from the center of the droplet representing the only spatial coordinate. The
transient problem is addressed using the formulation described in Chapter 2,
which is based on the formulation given by [31]. The simulation starts at time
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t = t0 by placing a single liquid droplet with initial radius a0 at temperature Td0
into a hot atmosphere at temperature T∞ > Td0 . For t > t0, the liquid ethanol
starts vaporizing and mixing with the surrounding air, generating a mixing region
where the equivalence ratio varies from rich conditions, close to the droplet, to
lean conditions, far from the droplet. Given the right conditions, autoignition of
the mixture takes place at t = tig on the lean side of the mixture, at a moderate
distance from the droplet, r = rig, where the temperature is high. The lean
premixed flame so generated propagates towards the droplet, gradually becoming
a rich premixed flame. As the oxygen between the moving flame front and the
droplet surface r = a(t) is consumed, the flame evolves towards an unsteady
diffusion flame that travels outward, approaching its final quasi-steady position
at r = rf (t).

During the simulations it was found that the skeletal and reduced mechanisms
both give autoiginition times in good agreement with the full San Diego mecha-
nism. However, after ignition, during the transition to the quasi-steady droplet
combustion, the simulations with the reduced mechanism stalled, giving non-
physical values of species concentrations. In simpler configurations, Chen et al.
[42], Acampora et al. [43], Marra et al. [44] and Franzelli et al. [45] found
similar difficulties during the unsteady description of methane flames. These au-
thors identified several reduced combustion mechanisms, capable of predicting
accurately steady flames, that underperformed in unsteady problems forced har-
monically at a frequency comparable to the inverse of the chemical characteristic
time. In these cases, the steady state hypothesis followed to derived the reduced
mechanisms failed under the tested unsteady conditions.

To illustrate the issue that we encountered, we plot in Fig. 5.1 the time evolution of
the maximum temperature predicted by both the skeletal and reduced mechanisms
and introduce the symbol (S) to indicate where the reduced mechanism stalls.

Detailed analysis of the flame structure revealed that the quasi-steady hypothe-
sis fails for the intermediate radical α-hydroxyethyl in the course of the highly
unsteady transition, as shown in the insets of Fig. 5.1, where production and
consumption, as well as convection and diffusion, of the α-hydroxyethyl radical
are shown at points labeled (I) and (S) in Fig. 5.1, representative of ignition and
transition to a quasi-steady burning solution, respectively; it is clear that the
quasi-steady approximation fails in the transition after autoignition. This diffi-
culty, which was not detected in [39], suggests a slight modification of the original
reduced mechanism, relaxing the quasi-steady assumption for the α-hydroxyethyl
radical by addition of the global reaction

CH3CHOH + O2

XV

 CH3CHO + HO2, (5.1)
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No.∗ Reaction Aa n Ea

163 C2H5OH + OH→ CH3CHOH + H2O 3.09 ×1010 0.5 -380.02
166 C2H5OH + H→ CH3CHOH + H2 2.58 ×107 1.6 2830.07
174 C2H5OH + HO2 → CH3CHOH + H2O2 8.2 ×103 2.5 10799.95
181 CH3CHOH + O2 → CH3CHO + HO2 4.82 ×1013 0 5020.08

Table 5.1: Reactions involving the α-hydroxyethyl radical defining the global reaction
5.1 extracted from the skeletal mechanism published by [39]

leading to a more robust 15-step, 17-species reduced combustion mechanism. The
first 14 global reactions are the same as those given in [39] and will not be repro-
duced here. The new implemented step (5.1) determines the reaction rate of the
CH3CHOH radical

ωXV = ω181 − ω163 − ω166 − ω174

and involves reactions 163, 166, 174 and 181, listed in table 5.1, of the skeletal
mechanism published in [39]. For completeness, the whole 15-steps mechanism is
reproduced in the supplementary material, with the corresponding reaction rates
in terms of the 66-steps of the skeletal mechanism as they are numbered in our
previous publication [39]. The algebraic expressions for the steady-state species
remain unchanged.

As may be seen in Fig. 5.1, the new mechanism gives essentially the same results
as the skeletal mechanism, and the simulation now can be continued all the way to
the quasi-steady solution, beyond the point where the 14-step mechanism stalled.
It might be thought that equally good results could be obtained by simply re-
moving the four α-hydroxyethyl steps from the mechanism, but it turns out that
this species is a major consumer of radicals at low temperatures and producer
of radicals at high temperatures, whence its removal leads to predicted ignition
delays increasing much too rapidly with increasing temperature.

Droplet autoignition times, defined as the time t = tig at which dTmax/dt achieves
a maximum, obtained with the new 15-step reduced mechanism are in good agree-
ment with results obtained with both the San Diego and 66-step skeletal mecha-
nisms, as shown in Fig. 5.2. Furthermore, application of the 15-step mechanism to
the tests carried out in [39] gave the same results as the original 14-step reduced
mechanism, with computational times that increase only around 15% due to the
presence of an additional species, with no effect on the stiffness of the resulting
numerical system. The new reduced mechanism developed here constitutes, to
our knowledge, the only reduced mechanism successfully tested in a combination
of unsteady combustion phenomena of the type found typically in practical com-
bustion applications, and the reduction makes the calculations 8 and 124 times
faster than the skeletal and San Diego mechanisms, respectively. Not only does
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Figure 5.1: Time evolution of the maximum temperature in the course of ignition
of an isolated droplet of ethanol with initial temperature Td0 = 300K and diameter
d0 = 1mm in hot air having temperature T∞ = 1200K and pressure p∞ = 1atm. Solid
line: 66-step Skeletal mechanism; dashed line: 15-Step reduced mechanism; dotted line:
14-Step reduced mechanism. The circles indicate the ignition point (I), defined as the
inflection point in the maximum-temperature profile, and the stalling point (S) of the
14-Step mechanism. The insets correspond to points (I) and (S) and show production
ωp (solid lines), consumption ωc (dashed lines), convection ∇· (ρY v) (dash-dotted lines)
and diffusion ∇ · J (dotted lines) of the α-hydroxyethyl radical, where Y and J are the
radical mass fraction and diffusive flux, respectively.
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Figure 5.2: Autoignition time of a droplet of ethanol in a hot-air atmosphere as
a function of the ambient temperature. The initial conditions of the droplet and the
ambient pressure are those defined in Fig. 5.1. Solid line: 66-steps skeletal mechanism;
Dashed line: 15-steps reduced mechanism; Dash-dotted line: San Diego mechanism.
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it reduce numerical problems, but it also renders the equations much less stiff.

Figure 5.3: Reaction paths of a ethanol droplet burning in the quasi-steady stage
denoted with (S) in Fig. 5.1

Unlike in previous studies mentioned above [42–45], the issues detected in the
reduced chemistry does not seem to be related with the unsteadiness of the prob-
lem. As shown in Fig. 5.1 and 5.2, the 14 steps reduced mechanism captured
accurately the autoignition event but failed later once the flame approached the
quasi-steady state, when the radical α-hydroxyethyl went out of the steady state.
The farther investigate this point, we calculated the reaction paths of a quasi-
steady flame at approximately the time (S) marked in Fig 5.1 using the full San
Diego Mechanism. The reaction path is depicted in Fig. 5.3 and shows that near
90% of the initial fuel removal takes place through decomposition to ethylene
C2H4 that will later react to form acetylene C2H2, a proportion that highlights
the importance of the α-hydroxyethyl (CH3CHOH) abstraction route, with four
times more carbon allocated in ethylene than in rich and partially premixed flames
[39]. Approximately 8.5 % of the carbon content of ethanol is directed through
the ethoxy route CH3CH2O and a negligible 0.07% is allocated in α-hydroxyethyl
(CH3CHOH).

The dominance of one of the three possible abstraction routes during the com-
bustion of ethanol droplets was not contemplated during the development of the
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reduced mechanism in Chapter 4 and explains why the 14 reaction steps mecha-
nism failed. The configuration of the reaction region achieved in the quasi-steady
stage reveals a diffusion flame with an fuel rich inner region located closer to the
droplet surface in which the α-hydroxyethyl abstraction route prevails over other
oxidation alternatives to produce large quantities of C2H4 and C2H2 that control
the production rate of carbon monoxide CO and the posterior oxidation to carbon
dioxide CO2.

The usefulness of reduced mechanisms stems from their ability to reproduce re-
sults obtained with skeletal or detailed mechanisms at significantly decreased
computational costs. Developing and testing them however, has generally been
limited to consideration of simplified problems, in which local conditions of tem-
perature, composition, strain and/or unsteadiness do not experience significant
spatial or temporal variations. The results presented here demonstrate that the
development/validation process for the reduced mechanisms requires more strin-
gent tests if they are to be relied upon confidently for complex problems of the type
found in typical realistic configurations. Still, even though the modified chemistry
presented here has demonstrated a good performance, we can not totally discard
the possibility that further issues might arise in different configurations.

5.3 Model validation: Quasi-steady droplet com-
bustion

In the quasi-steady combustion of an isolated droplet, the diffusion rate controls
the combustion process and the net mass fuel flux vaporized from the droplet is
consumed in the flame region [46]. Even though, in this regime, the time deriva-
tives in eqns. (2.1)-(2.17) are negligible, the results shown below were obtained
using the full unsteady formulation given above.

To experimentally achieve quasi-steady conditions early in the droplet life time,
the ignition process is forced by an external energy source, avoiding the initial
vaporization and auto-ignition stages to maximize the observation time [26]. The
physical models and numerical code described above in chapter 2 are validated in
Fig. 5.4 by comparing our numerical results with the experimental measurements
by Lee and Law [26] for the combustion of an ethanol droplet with initial diameter
d0 = 0.226 mm in a hot and humid atmosphere. Also, in the same figure, we
compared our computations with the numerical results obtained by Kazakov et
al. in [31]. As can be seen in Fig. 5.4, our results show an excellent agreement in
temperature and droplet size history and only minor differences are observed in the
prediction of the water concentration in the liquid phase (Fig. 5.4b). Kazakov and
Drier [31] improved the numerical prediction of YH2O in the droplet by empirically
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Figure 5.4: Ethanol droplet combustion in a hot atmosphere of premixed flame
products of CH4-air. Subfigure (a), droplet normalized surface (d/d0)2 as function of
non-dimensional time τ̃ = t/t̃evap in panel, with t̃evap the evaporation time defined below
in (5.2). Subfigure (b), droplet average water mass fraction against time in panel. (c)
Maximum gas temperature versus time in panel. Symbols: experimental results of [26];
black dash-dot line: numerical results of [31]; red solid line: present work with full 1D
model; grey dashed line: present work with RM model.

Property Name Symbol Property Value

Molecular Weight W 46.07 g/mol
Boiling Temperature Tb 351.44 K
AdiabaticTemperature Tad 2217.2 K
Ethanol Density ρ`(Tb) 738.84 kg/m3

Heat of Vaporization Lb(Tb) 850.80 kJ/kg
Thermal Conductivity kair

g (Tm) 0.082 W/m K
Table 5.2: Physical properties of ethanol
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adjusting the diffusion coefficient of liquid water in ethanol.

5.3.1 The validity of the Rapid-Mixing approximation

During the combustion of alcohol droplets, water vapor, either from the ambience
or generated at the flame, can condense at the droplet surface and dissolve into the
droplet interior [26]. The heat release associated to the condensation and dilution
of the droplet alcohol concentration, alters the vaporization rate and cannot be
neglected. The 1D model described above takes into account this effect, as has
been demonstrated in Fig. 5.4. Nevertheless, as a simpler alternative, several
numerical studies described the droplet combustion by applying the Rapid Mixing
(RM) approximation [33, 47] in which the droplet temperature and composition
can be considered homogeneous. Formally, this limit is valid in the limit in which
the liquid phase homogenization time is much shorter than the droplet life-time,
and the droplet becomes a uniform control volume for which the liquid phase
equations (2.2) and (2.3) reduce to (2.23) and (2.24).

The results using this limit are also included in Fig. 5.4 and, as can be easily
checked, the results do not match with the experimental measurements or with
the numerical calculations using 1D approximation. According to our results, the
RM model overestimates the condensation of water on the droplet surface. Ad-
ditionally, and contrary to methanol droplets [40], the diffusion of water in the
liquid phase is small, inducing the formation of a boundary layer of condensed
water that soon begins vaporizing along with the fuel. Contradicting the assump-
tions behind the RM hypothesis, both temperature and concentration are not
homogeneous inside the fuel droplet.

5.4 Droplet autoignition

The aim of this section is to compute numerically the autoignition time of an
isolated droplet in an stagnant atmosphere describing the unsteady evaporation,
autoignition and travelling premixed and diffusion flame stages that take place
before achieving the quasi-steady combustion regime described above in section
5.3. Droplet autoignition is a relatively slow phenomena that last up to 4.8 seconds
in a 6 mm diameter droplet at 800 oC. In the case of alcohol droplets in general,
and ethanol in particular, water, either coming from the combustion products
or from the ambient, condensates on the surface and dilutes inside the droplet.
The technical difficulties to properly control ambient humidity conditions in a
gravityless environment explain the lack of experimental measurements in the
literature. Moreover, the accurate computational description of alcohol droplets
autoignition requires of numerical codes capable of dealing with evaporation and
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combustion of multi-component ethanol/water droplets fitted to manage complex
chemical reaction schemes accommodating sudden changes of temperature and
composition in the reaction region. This has only recently been accomplished by
[23, 25] for n-heptane, n-decane and n-dodecane droplets.

A spherical droplet burns as it is sketched in Fig. 2.1, with a reaction zone
located at r = rf >> a0 during the quasi-steady burning regime [35]. The
heat conducted back from the flame to the droplet vaporizes the liquid fuel that
reaches the reaction region by diffusion in a time of the order of tg ∼ a2

0/DT,g.
After the droplet is introduced in a hot atmosphere at t = t0, and before the flame
is established, the droplet undergoes an unsteady period of pure evaporation in
which the heat coming from the hot atmosphere vaporizes the fuel that diffuses
out from the droplet surface forming a transient mixing diffusion layer of size
(DT,gt)

1/2. Once the droplet radius a0 and the ambient conditions are established
(pressure, temperature and humidity), we define the ignition event as the instant
of time tig at which the maximum gas temperature variation achieves its maximum
value dTmax/dt = dTmax/dt|max at a distance rig ∼ a0 from the droplet center
that will be obtained from the calculations.

The ignition time is compared throughout this section with the vaporization time,
defined as the time needed to vaporize a droplet of initial radius a0 with the heat
conducted from the hot ambient. As it was aready done in Chapter 3, its order
of magnitude can be estimated from the balance between the vaporization flux at
the droplet surface and the heat conducted from the gas phase to the liquid fuel
during the quasi-steady stage defined in Eq. (2.17), yielding

t̃evap ∼
ρl
ρg

a2
0Lb

DT,gcpg (Tg − Tb)
. (5.2)

The liquid density ρl and enthalpy of vaporization Lb are evaluated at the boiling
temperature Tb. The gas thermal conductivity kg is evaluated at the mean gas
temperature Tm = (Tg + Tb)/2. When combustion is present, and considering
that the ignition time tig is much shorter than the vaporization time, the gas
temperature Tg is defined as the adiabatic temperature Tg = Tad. Crespo and
Liñán [8] and Liñán and Williams [35] used the mixing time tg = a2

0/DT,g to
define the non-dimensional time. Unlike them, we preferred the vaporization time
to define τ̃ = t/t̃evap, a characteristic time that is up to three orders of magnitude
longer for large ambient temperatures.

The temperature and mass fraction of ethanol and oxygen at different stages of the
autoignition process are depicted in Figs. 5.5 and 5.6. After placing the droplet
in a hot and dry atmosphere t > 0, the fuel starts vaporizing and mixing with
the ambient air, generating a region where the equivalence ratio varies from rich
conditions, close to the droplet, to lean conditions, far from the droplet. Since
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the concentration of fuel is low in the high temperature region, the formation
of the ignition precursor H2O2 is slower than in homogeneous ignition systems
[39]. When the H2O2 radical concentration reaches ignition condition, τ̃ = τ̃I in
Figs. 5.5 and 5.6, the autoignition of the mixture takes place at τ̃ig = tig/t̃evap

at a moderate distance from the droplet r = rig. A lean premixed flame is then
generated in the high temperature region that propagates towards the droplet
surface at τ̃ = τ̃II, gradually becoming a rich premixed flame as the flame front
approaches the droplet surface τ̃ = τ̃III. As the remaining oxygen between the
moving flame front and the droplet surface is consumed, the premixed flame
evolves towards an unsteady diffusion flame τ̃ = τ̃IV, with the flame traveling
outwards to approach its final quasi-steady propagation stage r = rf (τ̃) in which
simultaneously the flame moves and the droplet radius recedes τ̃ = τ̃V.

Figure 5.5: Autoignition of ethanol-air droplets of d0 = 1mm and Td0 = 300K at
ambient temperature T∞ = 1200K. Solid line represents the maximum gas temperature
as function of non-dimensional time, symbols represent selected times for the profiles
shown in Fig. 5.6. Simulations for droplet autoignition at were conducted using a
multipurpose 15-steps reduced mechanism for ethanol combustion developed in section
5.2.

5.4.1 Critical autoignition temperature T c
∞

In this section we computed the the critical droplet autoignition temperature T c∞,
defined as the ambient temperature below which we did not find autoignition for
a given droplet diameter d0. In Fig. 5.7 we plotted T c∞ at atmospheric pressure
for different droplet water contents and ambient water mole fraction. To obtain
the values of the critical temperature T c∞, we initiated the calculation procedure
by setting a sufficiently large ambient temperature to ensure autoignition. As
the ambient temperature is progressively reduced, the autoignition time becomes
longer to approach the vaporization time when the whole droplet vaporized with-
out ignition at T∞ = T c∞. An example of this calculation process is depicted in
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Figure 5.6: Autoignition ethanol droplets in air atmosphere with same conditions as
described in 5.5. Subfigure (a) shows Temperature profiles as function of normalized
distances in different instants. Subfigure (b) shows mass fraction profiles as function of
normalized distances, solid lines represents mass fraction profiles of ethanol and dashed
lines are oxygen mass fraction. Time moments corresponds with figure 5.5

Figure 5.7: Critical temperature for autoignition T c
∞ as a function of the initial droplet

diameter d0 for ethanol-air droplets of Td0 = 300K at atmospheric pressure. Solid line
represent case without water (droplet or ambient content) dashed lines represent the
effect of water droplet content V and dash-doted lines represent the effect of ambient
water mole fraction H
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Fig. 5.8, where we plot the droplet diameter history and the maximum gas tem-
perature for different ambient temperatures for an ethanol droplet with initial
diameter d0 = 1 mm. This figure clearly illustrates how the autoignition time
becomes longer as the temperature decreases to reach the critical temperature.
Also, in the same figure, we illustrate how the augoignition event abruptly modi-
fies the slope of the d2-law that characterizes the evolution of the droplet radius
with time, especially as the ambient temperature approaches its critical value.

Figure 5.8: Ignition of an isolated droplet of ethanol with initial temperature Td0 =
300K and diameter d0 = 1mm in hot air at pressure p∞ = 1atm and temperature T∞
(indicated in the figure). Subfigure (a): Time evolution of the maximum temperature
in the gas phase. Subfigure (b): droplet normalized surface (d2/d2

0) as function of non-
dimensional time τ̃ . The solid black line depicts the d2 law such that d2/d2

0 = 1 − τ̃ .

The different characteristic times of the problem are compared in Fig. 5.9 for
a droplet diameter d0 = 1 mm as a function of the ambient temperature. For
large ambient temperatures, ignition takes place very soon in the droplet life time
tig/t̃evap � 1, while the droplet radius is almost the initial radius d ' d0. As
T∞ is reduced, ignition and vaporization times become similar to become equal
at T∞ = T c∞ when autoignition is no longer possible. For comparison purposes,
we included in this figure the autoignition time of a stoichiometric homogeneous
mixture τ̃ig0D

, taken from [39], to allow a quantitative comparison with droplet
autoignition times. Notice how droplet heating, vaporization and fuel mixing
in the gas phase increase the ignition time by at least an order of magnitude
in the range of temperatures considered. We included in the same figure the
droplet evaporation time with τ̃evap and without τ̃∗evap a flame to show how τ̃ig is
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Figure 5.9: Autoignition time of a droplet of ethanol in a hot-air atmosphere as
a function of the ambient temperature. The initial conditions of the droplet and the
ambient pressure are those defined in Fig. 5.8. Red solid line: Droplet autoignition
time τ̃ig; Blue dashed line: evaporation time τ̃evap evaluated using (5.2); Green dashed
line: pure evaporation time τ̃∗evap ; Purple dash-dotted line: Autoignition time of a
homogeneous mixture τ̃ig0D

.

several orders of magnitude smaller than the evaporation times when T∞ > T c∞,
but the three characteristic times become of the same order only for ambient
temperatures close to T c∞. We have not detected, in any case, autoignition after
complete vaporization of the droplet occurs.

5.4.2 The effect of water content and ambient humidity

The effect of both the water droplet content V and ambient water mole fraction
H are farther explored using Fig. 5.10 at T∞ = 910K, where we represented
both ethanol and water liquid mass fractions, Y`,EtOH and Y`,H2O, and their mass
vaporisation rates, ṁ`,EtOH and ṁ`,H2O. As shown in this figure, the dilution of
ethanol with water prevents autoignition from taking place before the complete
vaporization of the droplet at T∞ = 910K, mainly because the slower ethanol
vaporization rate induced by the lower temperature reached at the droplet surface.
Also, the smaller values of ṁ`,EtOH contributed to slow down the convection
of ethanol towards higher temperature regions, delaying the production of the
radicals (H2O2 and HO2) that would lead to autoignition.

The temporal evolution of Y`,EtOH is plotted in Fig. 5.10 (b) at the time instants
indicated in Fig. 5.10(a). The simultaneous evaporation of ethanol and water
during most of the droplet lifetime, see Figs. 5.10(a) and (c), keeps ethanol
concentration gradients very small within the droplet. It is only when the droplet
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Figure 5.10: Effect of the water droplet content V and ambient water mole fraction
H on the ignition of an isolated droplet of ethanol with initial temperature Td0 = 300K
and diameter d0 = 1mm in hot air at pressure p∞ = 1atm and temperature T∞ = 910K.
Subfigure (a): Time evolution of ethanol mass evaporation rate ṁl,EtOH. Subfigure (b):
Radial distribution of liquid ethanol inside a droplet with water content 20%v/v at the
time instants indicated in subfigure (a). Subfigure (c): Time evolution of liquid water
mass evaporation rate ṁl,H2O. Subfigure (d): Radial distribution of liquid water inside
a droplet vaporising in an ambient with 20%v/v relative humidity at the times indicated
in subfigure (c).

radius becomes very small that the diffusion of ethanol towards the droplet surface
is hindered by the remaining water, inducing the large concentration gradients
observed in the figure.

On the contrary, ambient water (H �= 0) accelerates ethanol droplet autoignition.
The extra heat released during the condensation of the atmospheric water vapor
increased the droplet surface temperature when compared to that of dry air, ac-
celerating ethanol vaporisation rates, as depicted in Fig. 5.10(a) for H = 0.1 and
0.2. The distribution of condensed water on the droplet, shown in Fig. 5.10(d) at
the time instants indicated in 5.10 (c) for H = 0.2, illustrates the formation of a
boundary layer of liquid water on the droplet surface, that slowly diffuses towards
the droplet center, mixing with the liquid ethanol. The distribution of the liquid
water inside the droplet confirms the limitations of the rapid-mixing approxima-
tion, anticipated before in section 5.3, to properly predict ethanol vaporization
rates and autoignition times in the presence of ambient moisture.



5.5. Quasi-steady flame structure 111

5.5 Quasi-steady flame structure

The quasi-steady mass fraction profiles of the major species C2H5OH, C2H4,
C2H2, CO, CO2, H2O and O2 are shown in figure 5.11 along with their con-
sumption (production) rates. According to our calculations, fuel and oxidizer are
completely consumed at radial positions separated a few radii, with two main
reaction fronts defining a thick reaction region. The inner reaction front is de-
limited by the total consumption of ethanol, with near 90% of the initial fuel
removal taking place through decomposition to ethylene C2H4, when a non neg-
ligible amount of energy is consumed, emphasizing the endothermic character of
the initial stages of the chemical reaction.

Ethylene C2H4 and acetylene C2H2 radicals are diffused and convected towards
the outer edge of the reaction zone r/a0 ' 4.5, where they were consumed to
produce carbon monoxide CO that is oxidized to CO2, as shown in Fig. 5.11, in
a large region that extends very far from the droplet surface. Approximately 2 %
of carbon remains in CO.

The flame structure here described is in line with the thickness of the reaction re-
gion obtained for n-heptane by Marchese et al. [48] and Jackson & Avedisian [49],
but only Jackson & Avedisian acknowledged the broad reaction region obtained
with the detailed kinetic scheme they used, result that contrasts with the flame
sheet approximation assumed as true in many studies. Their numerical calcula-
tions show a thick reaction region that is of the order of three times the droplet
radius. On the contrary, in the same paper, the structure of methanol droplet
seems to be very different, with a thin reaction region in which both methanol
and oxygen are completely consumed at the same radial distance. This results
has been confirmed using our numerical code for methanol using the combustion
chemical mechanism published by Fernández-Tarrazo et al. [41]. The profiles of
temperature and mass fraction of the major species (CO,CO2,CH3OH,H20, and
CO2) are shown in Fig. 5.12. In this figure we see how both CH3OH and O2 are
completely consumed at approximately the same radial location r/a0 ' 3, in line
the hypothesis of thin reaction region used traditionally in the asymptotic studies
found in the literature [35, 37, 40]. Unlike ethanol flames, water and CO2 are
produced at the outer edge of the reaction region and it is not observed a peak in
the production of water vapor in the inner edge of the flame.

By comparing our results for ethanol droplets with those published by Marchese et
al. [48] and Jackson & Averidian [49] for n-heptane, it seems that fuels with more
than carbons in their composition will produce flames with thick reaction regions
similar to that described in Fig. 5.11 for ethanol droplets. The high fuel-to-oxygen
mass ratio found in the inner part of the flame promotes the fuel removal through
the ethylene route, producing most of the ethylene C2H4 and acetylene C2H2
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Figure 5.11: Mass fraction profiles as function of normalized distances r/a0 for au-
toignition of ethanol droplets in quasi-steady state at time τ̃ = τ̃V marked in figure
5.5. Subfigure (a) shows temperature and normalized heat release profiles. Subfigure
(b) shows mass fraction profiles of mayor species and their corresponding normalized
net mole production, lines correspond as follow: blue solid line: ethanol mass fraction;
green dashed line: oxygen mass fraction; purple dotted line: water mass fraction; yellow
dash-dot line: dioxide carbon mass fraction. Subfigure (c) shows the mass fraction and
the normalized net mole production of most relevant minor species where lines represent:
brown dash-dot-dot: monoxide carbon mass fraction; gray dotted line: acetylene mass
fraction; pink dash-dot line: ethylene mass fraction.

radicals in a region deprived of oxygen. To confirm this hypothesis it is necessary
to carry out father computations to check if this result can be extended to gaseous
fuels burning in spherical configurations similar to that described during droplet
combustion.

The quasi-steady flame structure depicted in Fig. 5.11 shows a thick reaction front
that extends from r/a0 � 2.5 to r/a0 � 5. According to [50] in the regions where
spray heating, vaporization, and combustion start to occur, the inter-droplet dis-
tance is of the order of ld/a0 ∼ (ρ�/ρ)

1/3. Considering that ρ�/ρ ∼ 6 · 102, the
ethanol inter-droplet distance is of the order ld/a0 ∼ 8, anticipating a significant
interference between neighbouring droplets in spray combustion that contrast with
the traditional hypothesis ld/a0 � 1 utilized traditionally to applied separation
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Figure 5.12: Mass fraction profiles as function of normalized distances r/a0 for au-
toignition of methanol droplets in quasi-steady state as it shown in Fig. 5.11. Subfigure
(a) shows temperature and normalized heat release profiles. Subfigure (b) shows mass
fraction profiles of mayor species and their corresponding normalized net mole produc-
tion, lines correspond as follow: blue solid line: methanol mass fraction; green dashed
line: oxygen mass fraction; purple dotted line: water mass fraction; yellow dash-dot line:
dioxide carbon mass fraction; brown dash-dot-dot: monoxide carbon mass fraction.

of scales in order to simplify the theoretical description of spray combustion [50].
Recently, Mikami et al [51] and Yoshida et al. [52] studied experimentally the
conditions for flame spreading between two n-decane droplets of different diam-
eter in microgravity, reporting the relationship between droplet diameters and
inter-droplet distance that would favor flame spread.
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5.A The 15-steps multipurpose reduced mecha-
nism

In order to have a self-contained description of the modified reduced mechanism,
we reproduce here the 15 overall steps,

H + OH
I

 H2O (5.3)

2H + M
II

 H2 + M (5.4)

H + HO2

III

 2OH (5.5)

H + O2

IV

 HO2 (5.6)

2OH + M
V

 H2O2 + M (5.7)

CO + OH
VI

 CO2 + H (5.8)

CH2O
VII

 CO + H2 (5.9)

CH3 + O2

VIII

 CH2O + OH (5.10)

C2H2 + O2

IX

 2CO + H2 (5.11)

C2H4 + M
X

 C2H2 + H2 + M (5.12)

CH3CHO
XI

 CH3 + CO + H (5.13)

CH3CH2O + M
XII

 CH3CHO + H + M (5.14)

C2H5OH + OH
XIII

 CH3CH2O + H2O (5.15)

C2H5OH
XIV

 C2H4 + H2O (5.16)

CH3CHOH + O2

XV

 CH3CHO + HO2 (5.17)

The rates of global reactions (5.3)-(5.17) (moles per unit volume per unit time),
in terms of the 68 elementary reactions specified in the skeletal mechanism [1],
can be written as

ωI =ω3 − ω4 + ω6 + ω13 + ω15 + ω20 + ω29 + ω35 + ω39 + ω45 + ω79

+ ω98 + ω100 + ω101 + ω149 − ω160 − ω166 − ω170 − ω174

(5.18)

ωII =ω5 − ω3 − ω2 + ω12 + ω26 − ω34 − ω35 + ω38 − ω45 − ω65 − ω100

− ω101 + ω153 + ω154 + ω166 + ω180

(5.19)
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ωIII =ω2 + ω4 + ω8 + ω11 + ω14 + ω17 − ω20 + ω34 + ω64 + ω65 − ω87

− ω125 + ω160 + ω170 + ω174

(5.20)

ωIV =ω2 + ω4 + ω8 + ω9 + ω10 − ω12 − ω13 − ω15 − ω17 + ω30 + ω34

− ω48 + ω64 + ω65 − ω87 + ω160 + ω163 + ω166 + ω170 + ω174

(5.21)

ωV = ω16 + ω17 − ω20 + ω174 (5.22)

ωVI = ω22 + ω64 (5.23)

ωVII = ω33 + ω34 + ω35 + ω45 + 2ω87 − ω100 − ω101 − 2ω160 − ω180 (5.24)

ωVIII = ω45 + ω46 + ω48 + ω49 + 2ω87 − ω101 + ω125 − 2ω160 (5.25)

ωIX = ω64 + ω65 − ω87 + ω100 + ω101 + ω160 (5.26)

ωX = ω98 − ω87 + ω100 + ω101 + ω160 (5.27)

ωXI = ω147 + ω149 + ω153 + ω154 + ω180 (5.28)

ωXII = ω163 + ω166 + ω174 + ω179 + ω180 (5.29)

ωXIII = ω163 + ω164 + ω166 + ω170 + ω174 (5.30)

ωXIV = ω160 + ω161 + ω162 (5.31)

ωXV = ω181 − ω163 − ω166 − ω174 (5.32)

The steady-states species, needed for the evaluation of the above elementary rates
are the same given in [1], except for α-hydroxyethyl (CH3CHOH) that was shown
here not to be in steady state for droplet autoignition problems. For completeness,
we reproduce below the explicit algebraic expressions for the concentrations,

CC2H3
= CC2H4

k89 fCOH

k101 fCO2
+ k100 fCO2

+ k98 fCH + k89 bCH2O
(5.33)

CO =
C1
A22

C1
B1

C1
A11

C1
A22
− C1

A12
C1
A21

; CT−CH2
=

C1
A21

C1
B1

C1
A11

C1
A22
− C1

A12
C1
A21

(5.34)

CHCO =
k147 fCCH3CHO + k100 fCC2H3

CO2
+ CCH2O(k33 fCH + k34 fCO + k35 fCOH)

(k147 b + k31 f)CCH3
+ k30 fCO2

+ k29 fCOH + k26 fCH + k25 fCM(7)

(5.35)
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CCH3CO = CCH3CHO
k153 fCH + k149 fCOH

k148 f
(5.36)

CCH2CHO =
k101 fCC2H3

CO2
+ k154 fCCH3CHOCH

k137 f
(5.37)

CCH2CO = CCH2CHO
k137 f

k128 fCOH + k108 fCH
(5.38)

CCH2OH =
k160 fCC2H5OH + k128 fCCH2COCOH

k125 fCO2

(5.39)

CS−CH2
= CCH3

k45 fCOH

k45 bCH2O + k56 fCO2

(5.40)

CC2H5
=

C2
A12

C2
B2

+ C2
A22

C2
B1

C2
A11

C2
A22
− C2

A12
C2
A21

; CC2H6
=

C2
A11

C2
B2

+ C2
A21

C2
B1

C2
A11

C2
A22
− C2

A12
C2
A21

(5.41)

CCH4
= CCH3

k53 fCH + k31 fCHCO

k34 fCOH + k38 fCH
(5.42)

CCH2CH2OH =
k177 fCC2H4

COH + k162 fCC2H5OHCOH

k177 b
(5.43)

CCH3O = CCH3

k48 fCHO2

k76 fCM(9)

(5.44)

where the compact expressions used in (5.34) and (5.41) are defined, respectively,
as

C1
A11

= k170 fCC2H5OH + k104 fCC2H2
+ k46 fCCH3

CHO2

+ k34 fCCH2O + k14 f + k13 bCH2O + k8 fCHCM(4)

+ k4 fCH2O + k2 fCH2
+ k1 bCOH

C1
A12

= k104 bCCO; C1
A21

= k104 fCC2H2

C1
A22

= k104 bCCO + k65 fCO2
+ k64 fCO2

C1
B1

= k101 fCC2H3
CO2

+ k13 fCHO2
CH + k8 bCOHCM(4)

+ k4 bCOHCOH + k2 bCOHCH + k1 fCHCO2

(5.45)
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and
C2
A11

= k87 f + k79 bCH2O + k52 bCH

C2
A12

= k79 fCOH; C2
A21

= k79 bCH2O

C2
A22

= k79 fCOH

C2
B1

= k87 bCC2H4
CH + k52 fCCH3

CCH3

C2
B2

= k54 fCCH3
CCH3

(5.46)

The subscripts f and b are used in (5.33)-(5.41) to denote the forward and back-
ward rate constants for the skeletal mechanism reactions, given in Table A1 of
reference [1]. The order in which the expressions (5.33)-(5.44) are arranged is
intended to facilitate sequential evaluation.





CHAPTER

SIX

Conclusions and future work

In most applications, the fuel is injected as a spray inside the combustion
chamber, forming a cloud of small droplets that evaporates first, mixing with
the surrounding ambient air, before the flame is formed either by autoignition
or with the help of an external source of heat. Recent environmental constraints
have pushed the utilization of greener fuels (biofuels, hydrogen, methane or
ammonia) mixed with diesel or gasoline to reduced the emissions of green house
gases, mainly CO2, and NOx. With the main goal of contributing to reduce the
emissions of carbon dioxide associated to power generation that uses combustion,
we dedicated this thesis to study the evaporation and combustion of ethanol,
the most used biofuel in industry. Byproduct of plant fermentation, ethanol
is capable of reducing the total CO2 emissions down to 35 gCO2/MJ, 43 %
less than Diesel or petrol gas if we take into account the emissions associated
with fuel production and combustion [1]. In this thesis we studied in detail the
transient one-dimensional evaporation and combustion of an isolated ethanol
droplet immersed in a hot and humid atmosphere.

Formulation and numerical method

We start the analysis carried out in this thesis formulating the problem. In this
chapter we wrote the system of equations that describes the one-dimensional,
spherically symmetric evaporation and combustion of an isolated droplet of a
generic liquid fuel, intentionally avoiding the utilization of semi-empirical corre-
lations or ad-hoc fitting parameters, often used in the literature to improve the
matching between numerical simulations and experimental measurements. The
resulting system of non-linear equations is integrated using a in-house conservative
and consistent numerical method, based on the finite-volume formalism. Consid-
ering that there is no analytical solution of the problem, the consistency of the
method and the analysis of the numerical errors was based on the estimation of the
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exact solution using the Richardson extrapolation technique. The physical valida-
tion of the different submodels was carried out in Chapters 3 and 5 by comparing
our numerical calculations with the available experimental results for droplet va-
porization and combustion. We highlighted some weaknesses of the numerical
code, formulating possible alternatives to improve the identified flaws. Further
improvements should aim at increasing the computational efficiency, which would
require the development of algorithms that remain stable when larger time steps
are used, while preserving the conservative properties of the numerical method.

Present version of the code developed in 2 will be available for the community, as
a Fortran project, in the git repository Yosoytullamita [2].

Droplet evaporation

This chapter dealt with the pure vaporization of single and multi-component
droplets in microgravity conditions. The results of the one-dimensional model
are compared with the Rapid Mixing model, that assumes uniform concentration
and temperature inside the droplet. Formally, this model is valid when the
homogenization time a2

0/DT,l is much shorter that the droplet lifetime tevap, and
fails to describe evaporation and combustion of multicomponent droplets in which
the temperature or concentration gradients of one of the droplet components is
non-negligible.

Special attention was given in this chapter to understand the limits of the d2-law.
In particular, we developed an analytical model to show that, as the droplet
radius or the ambient temperature increases, the effect of ambient radiation on
the evaporation rate becomes relevant, deviating the temporal evolution of the
droplet radius from the estimations of the d2-law, even when both liquid and
gas phases are in steady state. For sufficiently large droplets, non-steady effects
become important in the liquid phase, deviating the evolution of the square of
the droplet radius from the linear temporal decay predicted by the d2-law. The
analysis also provides an appropriate time scale to estimate the droplet lifetime
that can be generalized to multicomponent droplets. Using these time scales, the
data of the time evolution of the projected area for droplets with different initial
diameter and temperature collapses into a single curve.

For single-component droplets, the numerical results obtained using our code
showed a remarkable good agreement with previous numerical solutions and
with the available experimental measurements. Leaving aside the effect of
the fibers holding the droplets during the experiments, our numerical results
matched the computations by Yang and Wong [3]. The effect of the fibers in the
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vaporization rate are not considered in our model, explaining the quantitative
differences observed between our solution and the experiments in the last stages
of the droplet lifetime. This chapter includes a theoretical explanation, based
in the comparison between the relevant characteristic times of the problem,
that identifies the cases in which the droplet evaporation rate abandons the
predictions of the d2-law due to radiative heating either because the evolution is
quasi-steady but not linear or because the evolution of the liquid phase becomes
unsteady.

Multicomponent droplet vaporization has also been analyzed using fully unsteady
simulations and the 1D and the RM models. Comparisons with experiments
reveal that the 1D model is always in good agreement with the experimental
results. The RM model works well in cases where both the droplet thermal
diffusion time t` and mass diffusion time tY,` are small compared with the
droplet lifetime t`/tevap � 1, and tY,`/tevap � 1. This consideration is especially
important for ethanol droplets immersed in a humid atmosphere. In this case,
the ambient water condenses on the colder droplet surface Ts < T∞, releasing
heat and initially increasing ethanol vaporization rate. However, since the mass
diffusivity is small in the liquid phase, the condensed water forms a boundary
layer that breaks the homogeneity in the droplet composition. The vaporization
of the liquid fuel is then hindered by the condensed water layer, increasing the
vaporization time. The concentration gradient found in the droplet is far beyond
the predicting capabilities of the RM model, that offers a poor performance in
replicating the experimental results.

The presence of liquid water mixed with liquid fuel has a strong effect on the
droplet evaporation rate. Both water and ethanol vaporized simultaneously keep-
ing the mass fraction of C2H5OH almost uniform inside the droplet. The large
value of the liquid ethanol Lewis number predicts a fast homogenization of the
droplet temperature and a slow diffusion of ethanol towards the surface of the
droplet, promoting the formation of concentration gradients during the last stages
of the droplet lifetime.

Kinetics

According to Hilbert et al [4], up to 80-90 % of the total computing time in
combustion calculations is usually spent in calculating diffusion velocities and
chemical source terms. With the objective of reducing the computational time
while retaining accuracy of the predictions, we developed in this thesis a reduced-
chemistry description that involves only 14 overall steps among 16 reactive
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chemical species by introducing chemical-kinetic steady-state approximations for
the relevant intermediate species, using, as starting point, a skeletal mechanism
of 66 steps and 31 chemical species, also developed in this work.

The 14 step reduced chemistry mechanism described above achieved computation
time savings not only because the lower number of chemical species but also
because it contributed to shorten the calculation of the diffusion velocities.
As an example to quantify the time savings, our computations using an implicit
numerical scheme indicated that the reduced mechanism shortens the computa-
tional time in a factor 12.1 when compared with the detailed SD chemistry in
calculating a 1D planar flame, in line with the estimations given by [5].

Greater computational savings can be obtained by further specializing the
reduced mechanism. In simpler fuel flames (hydrogen or methane), hydrogen
peroxide H2O2 and hydroperoxyl HO2 radicals are found to be in steady state
[6, 7]. In ethanol flames, additional intermediate radicals are in steady state
(CH3CH2O, CH3CHO, CH3 and CH2O), suggesting a clear path to develop
shorter and faster reduced mechanisms for premixed flames. A similar approach
can be used if a more reduced mechanism specific for autoignition is needed;
in this case H2O2 and HO2 cannot be assumed to be in steady state, but
simplifications come from other species being in steady state, as was found in the
case of methanol [8].

Some of the pollutants generated during the combustion of ethanol (such as
CO) can be predicted directly by the reduced mechanism described in Chapter
4. Others, (like NOx), can be obtained by post-processing the flame structure
using an specific mechanism [9]. Predictions of other pollutants, such as soot,
would rely on the capability to obtain accurate profiles of PAH precursors, such
as CH4, C2H2, C2H4 and C2H6 [10, 11]. In this regard, the skeletal mechanism,
which exhibits inaccuracies in predictions of these precursors and does not even
include other precursors, such as smaller ring compounds, requires augmentation
to assess soot emissions, an area of great interest for biofuels use [12].

The above-mentioned reduced kinetic mechanism was used later to compute the
unsteady vaporization and combustion of a single ethanol droplet. This test en-
compasses non-homogeneous autoignition, rich and lean premixed-flame propa-
gation, and the development and motion of a diffusion flame, as well as a the
presence of a cold boundary at the receding droplet surface. During the simula-
tions it was found that the 14-steps reduced mechanism give autoiginition times in
good agreement with the full San Diego mechanism. However, after ignition, dur-
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ing the transition to the quasi-steady droplet combustion, the simulations with
the reduced mechanism stalled, giving nonphysical values of species concentra-
tions. The issues detected in the reduced chemistry does not seem to be related
with the unsteadiness of the problem. The 14 steps reduced mechanism captured
accurately the autoignition event but failed later once the flame approached the
quasi-steady state, when the radical α-hydroxyethyl went out of the steady state.
The reaction paths of the quasi-steady flame obtained using the full San Diego
Mechanism showed that near 90% of the initial fuel removal takes place through
decomposition to ethylene C2H4 that will later react to form acetylene C2H2, a
proportion that highlights the importance of the α-hydroxyethyl (CH3CHOH) ab-
straction route, with four times more carbon allocated in ethylene than in rich and
partially premixed flames. The dominance of one of the three possible abstraction
routes during the combustion of ethanol droplets was not contemplated during
the development of the reduced mechanism and explains why the 14 reaction steps
mechanism failed. The discovery of this issue suggested a slight modification of
the original 14-steps reduced mechanism, relaxing the quasi-steady assumption
for the α-hydroxyethyl radical by addition of the global reaction

CH3CHOH + O2

XV

 CH3CHO + HO2, (6.1)

leading to a more robust 15-step, 17-species reduced combustion mechanism,
capable of successfully describing autoignition and combustion of ethanol droplets.

Readable files for the skeletal mechanism 4.A in CHEMKIN format, together
with a Fortran subroutine for the 14-steps 4.B and 15-steps 5.A mechanisms are
available to the community at [13].

Autoignition and combustion

In this chapter we studied the autoignition of ethanol droplets for a wide range
of temperatures, taking into account both the water content of the liquid phase
and the humidity of the hot atmosphere in which the droplet is initially located.
The numerical description makes use of a 15-step, 17 species reduced mechanism
described in Chapter 5 and published in [14], capable of accurately describing
unsteady combustion phenomena of the type found during droplet autoignition.
Our numerical results depicted a map that defines the critical ambient tem-
perature T c∞ below which autoignition can not take place for a droplet with
initial diameter d0. In ambient temperatures below T c∞, the droplet evaporates
completely before the concentration of the hydroperoxil HO2 and hydrogen
peroxide radicals H2O2 are large enough to induce ignition. For sufficiently large
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ambient temperatures T∞ > T c∞, the autoignition event suddenly raised the
temperature to form a lean premixed flame that propagates towards the droplet
surface consuming all the available oxygen before bouncing back as a diffusion
flame, that evolves to reach a quasi-steady state in which the stand-off distance
rf slowly increases as the droplet radius recedes.

Liquid ethanol absorbs water from air during storage, transport or distribution as
a consequence of its hygroscopic character [15]. The autoignition of water-ethanol
droplets needed of higher ambient temperature as a consequence of the growing
difficulties to evaporate ethanol as the droplet water content is increased.
On the contrary, the presence of water vapor in the ambience accelerates
the autoignition of the ethanol droplets as the water, coming either from the
combustion products or from the ambient humidity, condensates and dissolve in
the liquid ethanol forming a boundary layer. The extra heat released during the
condensation of water increases the droplet surface temperature accelerating the
evaporation of the liquid fuel, facilitating the accumulation of the radicals that
would lead to autoignition.

The structure acquired by the ethanol flame during the quasi-steady stage showed
a very thick reaction region spanning several droplet diameters, in which ethanol
and oxygen are completely consumed at radial distances far apart. This structure
represents a clear difference from the diffusion flames formed when methanol
droplets are burned, with a thin reaction region in which both methanol and
oxygen are completely consumed at the same radial distance, in line with the
hypothesis of thin reaction region used traditionally in the asymptotic studies
found in the literature [16–18]. The flame structure found here for ethanol is
similar to that obtained for n-heptane [19, 20], and we believe that the complex
chemistry of fuels with more than two carbons (ethanol, heptane, n-heptane...)
would be responsible for the formation of the thick diffusion flame structure
identified in Chapter 5.

Future work

During the elaboration of this thesis, we have identified several aspects that would
require of further research:

• Implementation of auto-adaptive mesh refining strategies to increase the
efficiency of the solution by clustering points in regions of maximum gradi-
ents.
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• A plausible option to reduce emission in power generation devices is mixing
gasoline and diesel with ethanol and methanol. The evaporation and com-
bustion of multi component fuel/biofuel droplets represents a challenging
problem due to the uncertainties and difficulties in the experimental quan-
tification of the activity coefficients, thermodynamic data and evaporation
and autoignition dynamics that deserve of further research. Modelling and
computations, based on first principles, will play an important role in the
development of the basic understanding of the problem.

• Droplets immersed in a spray are known to exhibit different features in
comparison with isolated droplets. The interaction between droplets during
pure evaporation introduces a fascinating and complex problem with interest
in many practical applications that is still scantly studied in the literature.

• Experimental studies on droplet vaporization often use holding fibers to
keep the droplet in place during the experiment, facilitating the measure-
ments. The effect of the fiber on the vaporization rate is still unknown and
might explain some of the discrepancies identified between numerical and
experimental results. A detailed numerical analysis of the effect of the fiber
on the droplet lifetime would assist in the interpretation of the experimental
measurements revealing interesting practical information.

• The utilization of water/diesel emulsions can reduce the formation of NOx
and increase brake thermal efficiency by 6%. In this emulsions, the water
vaporized before the fuel, creating a bubble inside the droplet that eventually
punches thought the droplet surface forming a micro-explosion that breaks
the spherical symmetry of the droplet. Understanding the conditions under
which this phenomena might emerge in mixtures of ethanol with other fuels
would give a valuable insight about the dynamic of biofuels sprays and the
effect of water content on the thermal efficiency of ethanol fueled engines.

• The discovery of the importance of the α-hydroxyethyl radical is a major
consumer of radicals at low temperatures and producer of radicals at high
temperatures, suggests a strategy to develop super reduced mechanism ca-
pable of predicting ignition delays. Additionally, the prevalence of one of
the abstraction routes identified in the combustion of ethanol droplets sug-
gests a number of additional species that might be in steady-state, feature
that could be used to simplify the description of the combustion chemistry
of ultra-rich ethanol/air mixtures used in reforming applications to produce
hydrogen.

• Some of the pollutants (such as CO) can be predicted directly by the reduced
mechanism described in Chapter 4. Others, (like NOx), can be obtained by
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post-processing the flame structure using an specific mechanism [9]. Predic-
tions of other pollutants, such as soot, would rely on the capability to obtain
accurate profiles of PAH precursors, such as CH4, C2H2, C2H4 and C2H6
[10, 11]. In this regard, the skeletal mechanism used to derived the reduced
mechanisms included in this thesis, which exhibits inaccuracies in predic-
tions of these precursors and does not even include other precursors, such
as smaller ring compounds, requires augmentation to assess soot emissions,
an area of great interest for biofuels use [12].

• In combustion applications using liquid-fuel injection, liquid heating, va-
porization and autoignition takes place downstream from the atomization
region, where the inter-droplet distances is of the order ld/a0 ∼ 8 [21]. This
ratio is similar to the distance at which the ethanol flame settles in the
quasi-steady regime, anticipating a significant influence between neighbor-
ing droplets. Recently, the interaction between n-decane droplets of different
diameters was experimentally studied in microgravity conditions by Mikami
et al [22] and Yoshida et al. [23]. The mathematical modelling of this phe-
nomena will reveal to what extent previous models of spray evaporation and
combustion should be revised to take into account the interaction between
neighboring droplets.

• The quasi-steady description of ethanol droplet diffusion flames revealed a
structure of the reaction region that is very different to methanol diffusion
flames. Hydrocarbons with more than two carbon molecules in its chem-
ical structure seem to generate spherical diffusion flames with a thickness
of the reaction region that spans several times the initial diameter of the
droplet. This structure, that seems particular of heavy hydrocarbons, needs
to be confirmed for fuel other than ethanol and n-heptane. The underly-
ing physical reasons that would lead to such thick diffusion flames need to
be understood but they seem to be related to the generation and convec-
tion of C2H2 and C2H4 radicals in the inner part of the flame, where the
concentration of fuel is maximum.
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