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Resumo

Foram estudados três combustíveis: n-decano (apresentado na literatura como simulacro de
querosene, ou como o principal componente de simulacros de diesel), etanol e metil decanoato
(apresentado na literatura como um simulacro de biodiesel) e suas misturas (base mássica). Ensaios
de solubilidade foram feitos para todas as misturas possíveis, passo 10%, com etanol anidro e
etanol hidratado. Todas as misturas de etanol anidro são estáveis em 𝑇 = 25∘𝐶 e 𝑇 = 5∘𝐶. A
mistura máxima de etanol hidratado solúvel em 𝑇 = 25∘𝐶 foi 10% etanol + 40% metil decanoato
+ 50% de n-decano. Nenhuma mistura com 50% ou mais n-decano foi estável em 𝑇 = 5∘𝐶. Os
testes de densidade foram feitos para as misturas E10 (80% n-decano + 10% etanol + 10% metil
decanoato); E20 (70% n-decano + 20% etanol + 10% metil decanoato) e E30 (60% n-decano
+ 30% etanol + 10% metil decanoato) em três temperaturas. Tanto a adição de etanol quanto o
aumento de temperatura diminuiram as densidades. Um novo modelo de cinética química com 258
espécies e 1586 reações foi desenvolvido combinando três modelos dos combustíveis estudados
encontrados na literatura. Velocidade laminar de chama simulada em uma chama 1D pre-misturada
foi o parâmetro escolhido para validar o novo modelo. O novo modelo estava mais próximo
de dados experimentais encontrados na literatura do que os modelos originais de n-decano e
metil decanoato. Para o etanol (usado como esqueleto do novo modelo), o novo modelo estava
próximo dos dados da literatura e do modelo original. Depois da validação, a velocidade laminar
de chama simulada dos simulacros foi comparada com dados experimentais dos combustíveis
alvo encontrados na literatura. N-decano reproduziu o comportamento do querosene, mas não
do diesel. O metil decanoato aproximou-se pouco do biodiesel. As misturas E10, E20 e E30
foram comparados com combustíveis puros. Os resultados para velocidade laminar de chama se
aproximaram do n-decano. A configuração contracorrente foi simulada variando velocidades de
injeção e relações de equivalência para os combustíveis puros e misturas. O aumento de 𝜑 aumenta
a temperatura máxima da chama e a geração de 𝐶𝑂 e 𝐻𝐶𝑂𝑂𝐶 para n-decano e misturas. Nas
misturas, a produção de 𝐶𝐻2𝑂 e 𝐶𝐻3𝐶𝐻𝑂 também aumenta com 𝜑. A geração de 𝐻2𝑂 e
𝐶𝑂2 não varia com 𝜑. O aumento da velocidade de injeção muda velocidade axial máxima, mas
não o perfil de velocidade. Nas mesmas condições de operação, temperatura máxima e perfis de
velocidade, 𝐻𝐶𝑂, 𝐶𝑂 e 𝐶𝑂2 foram os mesmos para n-decano e misturas. A adição de etanol
aumenta a formação 𝐻𝐶𝑂𝑂𝐶. Metil decanoato aumenta a produção de 𝐶𝐻3𝐶𝐻𝑂 e tanto etanol
quanto metil decanoato aumentam a produção de 𝐶𝐻2𝑂.

Palavras-chave: Combustão, Cinética Química, Etanol, Simulacro, Petróleo com combustível.



Abstract

Three fuels and their blends (weight basis) were studied: n-decane (presented in literature as
a kerosene surrogate, or as the main component of diesel surrogates), ethanol and methyl decanoate
(presented in literature as a biodiesel surrogate). Solubility tests were made for all possible blends,
10% step, using anhydrous ethanol and hydrated ethanol. All anhydrous ethanol blends were sta-
ble at 𝑇 = 25∘𝐶 and 𝑇 = 5∘𝐶. Maximum soluble blend of hydrated ethanol at 𝑇 = 25∘𝐶 was
10% ethanol + 40% methyl decanoate in 50% n-decane. No blend with 50% or more n-decane was
stable at 𝑇 = 5∘𝐶. Density tests were made for blend E10 (80% n-decane + 10% ethanol + 10%
methyl decanoate) ; E20 (70% n-decane + 20% ethanol + 10% methyl decanoate) and E30 (60% n-
decane + 30% ethanol + 10% methyl decanoate) at three temperatures. The addition of ethanol and
the increase of temperature decreased densities. A new chemical kinetic model with 258 species
and 1586 reactions was developed by the combination of three models found in literature for the
studied fuels. Laminar flame speed simulated in a 1D premixed flame was the parameter chosen
to validate the New Model. The New Model simulation was closer to experimental data found in
literature then the original models for n-decane and methyl decanoate. For ethanol (used as New
Model skeleton), New Model simulations were close to original model simulation and experimen-
tal data. After validate the model, laminar flame speed simulated for surrogates was compared
with experimental laminar flame speed data of target fuels found in literature. N-decane repro-
duced kerosene behavior, but not diesel. Methyl decanoate simulation approached little biodiesel
experimental data. Blends E10, E20 and E30 were compared with pure fuels. Blends laminar flame
speed are close to pure decane. The counterflow configuration was simulated at different injection
velocities and equivalence ratios for pure fuels and blends. The increase of 𝜑 increases maximum
flame temperature and the generation of 𝐶𝑂, 𝐻𝐶𝑂𝑂𝐶 for both n-decane and blends. In blends,
𝐶𝐻2𝑂 and 𝐶𝐻3𝐶𝐻𝑂 production also increases with the increase of 𝜑. 𝐻2𝑂 and 𝐶𝑂2 generation
do not varies 𝜑. The increase of injection speed changes maximum axial velocity, but not change
the velocity profile. Blends maximum temperature, velocity profile, 𝐻𝐶𝑂, 𝐶𝑂 and 𝐶𝑂2 profile
were the same observed for n-decane at same 𝜑 and injection velocity. The addition of ethanol in-
creases 𝐻𝐶𝑂𝑂𝐶 formation. Methyl decanoate increases 𝐶𝐻3𝐶𝐻𝑂 production and both ethanol
and methyl decanoate increase 𝐶𝐻2𝑂 production.

Keywords: Combustion, Chemical Kinetics, Ethanol, Surrogate, Petroleum as fuel.
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1 INTRODUCTION

In the present work, three pure substances were studied: n-decane, ethanol and methyl de-
canoate. The aim of this introduction is to justify the importance of the developed study. Section
1.1 presents the past and current use of diesel and kerosene in Brazil and in the world, and explains
why n-decane was studied instead of the real fuels. Section 1.2 reports ethanol history and present
its role in Brazilian energy matrix and the advantages in expand its use to another types of engines.
Section 1.3 explains why studies of blends of diesel and ethanol are also interested in biodiesel,
and why methyl decanoate is used in the place of biodiesel in several works. Finally, section 1.4
presents which objectives were achieved in this study and its layout.

1.1 Diesel, kerosene and n-decane

The current compression ignition (CI) engines were developed using original diesel cycle,
conceived by Dr Rudolf Diesel; and some concepts created by the engineer Herbert Akroyd-Stuart,
who presented in 1891 the first oil engine to run without a spark for ignition. It needed an external
heat source to start. CI engines invented by Diesel used a higher compression rate in order to
achieve a higher thermal efficiency in comparison with spark-ignited engines. Original Diesel’s CI
engines would be able to use several types of fossil fuels: oil derived from bituminous coal, crude
oil, kerosene, pulverized coal and even gasoline. In fact, gasoline was the fuel used in the initial
tests, in 1893. It succeed in starting combustion by compression, but this caused some mechanism
pieces to dismantle (Owen and Coley, 1995).

First CI engines using diesel were heavy and slow, and were used mainly in marine, indus-
trial and railway installations. Diesel road vehicles development started in Europe after a gasoline
shortage in 1918. Diesel trucks and buses already were common by the mid-1930s. Diesel passen-
ger cars became common after World War II. After 1960, the number of passenger cars powered
by diesel increased significantly in Europe and Japan, due to their better fuel economy (Owen and
Coley, 1995). Now days, diesel engines are widely used worldwide.

The increase of power-weight ratio made increased oil refinement necessary, reducing fuel
viscosity and the levels of hard combustion residues. The improvement in engines output, efficiency
and reliability increased the ignition quality requirements. Cetane number became a fundamen-
tal diesel characteristic, and several tests to measure it were developed. Since the 1960s, viscos-
ity range, sulfur and contaminants specifications became important parameters. In cold countries,
weather resistance became fundamental as well (Owen and Coley, 1995). These physicochemical
characteristics of diesel are discussed in chapter 2.

Diesel has an important role in Brazilian energy matrix. Figure 1.1 presents an evolution
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of Brazilian domestic energy supply over the years since the 1970s. Figure 1.2 presents Brazilian
domestic energy supply in 2014. Figures 1.1 and 1.2 reveal that petroleum and oil products are
the most abundant Brazilian energy source since the 1970s, when the record started. Diesel is the
most produced and used oil product in Brazil. It was responsible for 39% of total oil products
made in Brazil in 2014, meaning that diesel alone is responsible for 15.4% of total Brazilian energy
supply (Empresa de Pesquisa Energética, 2015). Figure 1.3 presents different activities that used
diesel in Brazil in 2013. Total domestic consumption of diesel was 57 783 000 𝑚3, a 6.3% increase
compared to 2012. Since the 1970s oil crisis, Brazil has a legislation that prohibits diesel passenger
cars. Yet, diesel is the most used fuel in transportation. In 2013, 46.2% of Brazilian transportation
energy came from diesel and 82.9 % of final energy consumption of diesel was in this sector, of
which 75.8% were used on highways. Diesel is also used in railroads and waterways (Empresa de
Pesquisa Energética, 2014).

Figure 1.1: Brazilian domestic energy supply over the years. Source: Empresa de Pesquisa En-
ergética (2014)

The percentage of oil in world energy supply and world final energy consumption are similar
to Brazils’s percentage, as can be seen in figures 1.4 and 1.5.

Oil is not renewable, and its price and availability can be highly influenced by geopolitics.
The emissions of oil products combustion cause environmental and health damages. Replacing
fossil fuels by renewable fuels, even in small proportions, increases energy security and can reduce
emissions. Brazilian diesel has a compulsory addition of 7% of biodiesel, made mainly of soybean
oil and tallow (Empresa de Pesquisa Energética, 2015)
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Figure 1.2: Brazilian domestic energy supply in 2014. Source: Empresa de Pesquisa Energética
(2015)

Figure 1.3: Brazilian diesel use in 2013. Source: own elaboration, using data from Empresa de
Pesquisa Energética (2014)
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Figure 1.4: World Energy Supply in 2011. Source: International Energy Agency (2011) apud Em-
presa de Pesquisa Energética (2014)

Figure 1.5: World Final Energy Consumption in 2011. Source: International Energy Agency (2011)
apud Empresa de Pesquisa Energética (2014)
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Kerosene is the middle distillate fraction of crude oil, between the gasoline fraction and the
diesel fraction. It was chosen to be used as jet fuels in the 1940’s, replacing gasoline, that was the
first jet fuel due to its availability. Kerosene’s lubricity is higher than gasoline’s, which is better for
pumps. It also have higher volumetric heating values (Maurice et al., 2001). In Brazil, kerosene
energy use has increased 40.66% from 2005 to 2014. It was responsible for 1.4% of Brazil’s final
energy consumption in 2014. Almost all kerosene consumed in the country (99.7%) was used in
airways (Empresa de Pesquisa Energética, 2015). There are several types of jet fuels. They need to
meet operational specifications, meaning that they can have different chemical composition as long
as the application requisites are guaranteed (Maurice et al., 2001).

Kerosene and diesel are composed of hundreds of different chemical compounds and, due to
their complexity, it is not possible to develop a computational chemical model that describes those
real fuels. A surrogate fuel can be used instead. It is a simpler representation of a composite fuel,
consisting in a small number of pure compounds that have combustion characteristics similar to the
target real fuel. N-decane has been used as major component of diesel surrogates in several studies.
It has also being studied as a kerosene surrogate, or as the main component of jet fuels surrogates.
N-decane is a colorless liquid obtained mainly from the refining of petroleum, and it is used as
solvent and to make other chemicals (NNOAA’s Ocean Service, 2016). It occurs naturally in natural
gas and in the paraffin fraction of petroleum. Combustion of oil derivatives, vulcanization and
extrusion operations, waste incinerator and several materials release n-decane into the atmosphere
(Toxicology Data Network, 2016). Its modeling also helps the understanding of more complex
alkanes.

1.2 Ethanol

Although the exact origin of the alcohol distillation process is not registered, it is known
that ethanol is consumed by mankind since ancient times. It first use was as psychotropic and as
medicine (Dietler, 2006). Its use as a fuel dates back to the nineteenth century, initially being used
in lamps and then as the first fuel in internal combustion engines (Sarathy et al., 2014). Ethanol
came to be considered the best option for these engines; but fossil fuels were preferred in the early
twentieth century because oil products were cheaper and easier to operate with the materials known
at the time (Raheman, 2007). Interest in alternative fuels started to grow again only after the 1970s,
primarily due to embargoes promoted by OPEC (Organization of Petroleum Exporting Countries)
and the product supply problems; and then from the 1990s by environmental concerns (Instituto de
Pesquisa Econômica Aplicada, 2010; Raheman, 2007).

The first oil embargo occurred in October 1973, as retaliation of Middle East to United States
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and the European countries that supported Israel in the Yom Kippur War against Syria and Egypt.
Such an embargo generated supply crises and caused the price of oil to increase 400% in about
three months, forcing rich countries to reduce public spending and oil imports and raise their ex-
change rates. In Brazil, oil purchases at very high prices were maintained, but the country turned
its attention to the production of ethanol as an alternative fuel, which culminated in the creation of
National Alcohol Program (PROÁLCOOL) (Instituto de Pesquisa Econômica Aplicada, 2010).

PROÁLCOOL was created in 1975 by presidential decree, encouraging the domestic produc-
tion of alcohol from sugar cane, cassava or any other input. Sugar cane has been one of the most im-
portant agricultural activities in Brazil since colonial times, so it became the main source of ethanol.
In addition to increased agricultural production, PROÁLCOOL encouraged the modernization and
expansion of existing distilleries and the installation of new production units. PROÁLCOOL’s first
phase was focused in increase the production of anhydrous ethanol, which was used mixed with
gasoline (Rosillo-Calle and Cortez, 1998).

In 1979 Islamic Revolution in Iran resulted in the stoppage of oil production and generated
a new oil shock. In Brazil, the PROÁLCOOL partially cushioned the crisis (Instituto de Pesquisa
Econômica Aplicada, 2010). That year, the PROÁLCOOL entered its second phase, which in-
creased production of hydrated ethanol for use in vehicles fueled only by ethanol. Between 1980
and 1986, ethanol fueled vehicle sales almost tripled, reaching 95.8% of domestic sales (Rosillo-
Calle and Cortez, 1998).

In 1986 oil prices have stabilized and the sugar price in the international market has in-
creased, making ethanol production less profitable. The use of ethanol started to reduce and at
the end of the 1980s, ethanol-powered cars almost stopped being produced (Instituto de Pesquisa
Econômica Aplicada, 2010).

Environmental and health problems caused by fossil fuel emissions made research in renew-
able energy sources increase after 1990s. In Brazil, ethanol has returned to prominence only in the
2000s, when the first flex cars went on sale. Soon all automakers began to manufacture these en-
gines, whose sales rose from 90% of all cars sold in the country in 2009. The sugarcane cultivation
grew; however, alcohol production is still subject to variations due to the international price of sugar
(Instituto de Pesquisa Econômica Aplicada, 2010). Figure 1.6 presents total ethanol consumption
over the years. Figure 1.7 presents ethanol balance in 2013.

Despite being renewable, there are environmental concerns about the devastation of forests to
create areas of sugarcane cultivation to produce ethanol (Instituto de Pesquisa Econômica Aplicada,
2010). There are studies showing that ethanol can be seen as an alternative to fossil fuels, but both
its supply chain needs to be evaluated in a case-by-case basis as its combustion in different types of
engines still need to be better understanding to determine their real advantages and disadvantages.
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Figure 1.6: Brazilian ethanol comsumption over the years. Source: own elaboration, using data
from Empresa de Pesquisa Energética (2014)

Figure 1.7: Brazilian total ethanol ethanol balance in 2013. Adapted from Empresa de Pesquisa En-
ergética (2014)
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1.3 Biodiesel and methyl decanoate

Ethanol solubility in diesel and kerosene is small. An additive can be used to increase the
percentage of ethanol in diesel-ethanol blends. Biodiesel is one possible choice, and that is why it
was studied in the present work.

Biodiesel is used worldwide blended with diesel in order to reduce fossil fuel consumption.
It can be obtained from vegetable oils, waste oils, animal fats, waste greases or any other raw
material that contains free fatty acids and/or triglycerides. Biodiesel is a mixture of saturated and
unsaturated fatty acid alkyl esters. It has less components then fossil fuels; still, it is not possible
to model its combustion. Methyl decanoate can be studied as a biodiesel surrogate (Alviso, 2013).
Brazilian diesel has a mandatory addition of 7% of biodiesel.

1.4 Objectives and Layout

Studies of diesel + ethanol blends use in diesel motors started in 1980 in order to reduce
fossil fuel dependence and emissions (Hansen et al., 2005). Nevertheless, there are few studies in
basic characterization of diesel + ethanol blends combustion. The interest in the use of renewable
fuels in jet engines has increased, and the addition of ethanol to jet fuels is considered a possible
alternative (Chen et al., 2014). N-decane can be used as a major component of diesel or kerosene
surrogates in computational combustion modeling. The kinetic mechanism describes combustion
in molecular level, and can be used to predict several combustion properties: ignition properties,
heat release rates, emissions, and intermediate species. Turbulent combustion modeling is stiff and
have a high computational cost. So a laminar flame is studied instead, because it’s mechanism can
be used as a start to study turbulent flame mechanism (Turns et al., 1996).

Several physicochemical characteristics need to be evaluated in order to use blends of diesel
and ethanol or kerosene and ethanol. Biodiesel cans be used to increase the percentage of ethanol
in those blends. No previous study of basic physicochemical characterization of n-decane - ethanol
-methyl decanoate blends was found in literature, neither any chemical kinetic model that described
the combustion of those three fuels.

The objectives of this work are:

1. To characterize two physicochemical properties of n-decane - ethanol - methyl decanoate
blends, and compare these blends properties with diesel + ethanol blends properties found
in literature. The characteristics evaluated were solubility (using anhydrous ethanol and hy-
drated ethanol), density and flash point;

2. To develop a chemical kinetic model that describes the laminar combustion of n-decane -
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ethanol - methyl decanoate blends in two geometries: a 1D premixed flame and a counterflow
flame.

3. To use the developed new model to find fundamental combustion parameters: flame speed,
maximum temperature, flame and species profile and emissions.

The structure of this work is:

∘ Chapter 2 presents the physicochemical properties of the real target fuels regulated by Brazil-
ian legislation and which characteristics need to be evaluated in order to use diesel-ethanol
blends. It also explains the importance of the study of surrogate fuels, how they are chosen
and which is the state-of-art in chemical modeling of n-decane, ethanol and methyl decanoate
combustion.

∘ Chapter 3 explains how the work was developed. It presents the reagents and equipments
used to measure the physicochemical properties, the measuring process and how the results
were analyzed. It also presents the computational package used, explaining which equations
it solves and which thermodynamic and transports properties it needs and how they are ob-
tained. The process of development of the chemical kinetic model is detailed, and the exper-
imental literature data used to validate it is summarized.

∘ Chapter 4 reveals the findings of this work. The physicochemical properties of the blends
are presented and compared with the ones of the real fuels. The simulations that validate the
chemical kinetic model developed are presented. The ability of the surrogates to reproduce
real fuels behavior is evaluated. Finally, the effect of the addition of ethanol and methyl-
decanoate in n-decane basic combustion is unveiled.

∘ Chapter 5 ends this work by presenting its main conclusions and some perspectives of possi-
ble future works in the subject.
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2 LITERATURE REVIEW

The importance of physicochemical characterization of fuels and the state-of-art in n-decane,
ethanol and methyl decanoate combustion modeling are presented in this chapter. Section 2.1 ex-
plains the difficulties in modeling real combustion and why the study of surrogates is important.
Section 2.2 presents the physicochemical characteristics of real diesel and kerosene and compares
it with the ones of n-decane. It ends by presenting a summary of n-decane’s chemical kinetic mod-
els available in literature. Section 2.3 presents the physicochemical characteristics of ethanol and
the chemical kinetic models available in literature for this fuel. Finally, section 2.4 explains why
biodiesel is added to diesel-ethanol blend. It also presents methyl decanoate chemical kinetic mod-
els existing and explains which parameters need to be evaluated in target fuels blends.

2.1 Chemical kinetic models and surrogates

Combustion is a complex process composed of series of chain reactions: first, the dissociation
of the reactants into free radical species. Then, free radicals react with stable compounds, result-
ing in more free radical species. In the end, free radicals recombine and form new stable species
(Glassman et al., 2014). Each intermediate reaction has its own set of chemical kinetic parame-
ters, and the development of a chemical kinetic model that properly describes a fuel combustion
at a molecular level is a challenging task because there are hundreds or even thousands of inter-
mediate species and reactions. But the effort is justified: chemical kinetic models can be used to
describe energy release rate, soot and pollutant formation, ignition behavior, knocking limits and
cool flame characteristics (Westbrook and Dryer, 1984). The prediction of combustion characteris-
tics by chemical kinetic models allows computational design and optimization of real devices (Pitz
and Mueller, 2011).

Chemical kinetic models are usually validated in simpler geometries, in order to avoid phys-
ical aspects that could interfere in kinetics measurements, such as evaporation, diffusion, etc. After
the detailed chemical kinetic model is validated comparing experimental and computational data,
it can be simplified in order to generate a reduced chemical kinetic model that can be used in more
complex combustion systems (Alviso, 2013).

The development of a model that exactly describes all reactions of real fuels derived from
petroleum (such as diesel, gasoline or jet fuels) is not possible using current computational re-
sources, because those fuels are too complex: they are made of hundreds of compounds; the radicals
product from those compounds react together; fuels composition varies between different refiner-
ies; and fundamental properties are not available. The solution is to study a surrogate fuel instead.
A surrogate is a simpler fuel, made of a small number of pure chemical compounds, that behaves
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similarly to the real target fuel (Pitz and Mueller, 2011).
Besides contributions in computational modeling, studies of surrogate fuels are also impor-

tant for two other reasons: First, they allow the development of standardized fuels that can be used
to increase engine experiments reproducibility worldwide, as long as fuel variability may not be an
issue anymore. Finally, the efforts to match critical performance characteristics of surrogates and
target fuels also helps the understanding of the relationship between fuel properties and engine per-
formance, because the surrogate fuels are chosen based on their characteristics with the intention
of mimic some engine behavior and if it does match, it proves that specific fuel property leads to
the engine behavior (Pitz and Mueller, 2011).

The choice of the surrogate fuel depends on the intend use of it. Farrell et al. (2007) presents
3 types of target characteristics of the real fuel that a surrogate can mimic:

1) Property Targets: these are the basic physicochemical fuel characteristics, such as density,
hydrogen/carbon ratio, gross chemical composition, phase behavior, molecular transport properties,
viscosity, surface tension, etc. Some of these properties (e.g: density) are easily reproduced by a
single-component surrogate; others need more components to be reached (e.g: phase behavior).
Matching then do not necessarily mean that combustion behavior of the surrogate and the target
fuel will match as well, and generally it is not possible to match a wide range of properties. Those
"unmatches" may or may not interfere in desired analysis.

2) Development targets: these are the kinetic-related phenomena and the fluid dynamic pro-
cesses important to the surrogate behavior validation. For example: auto ignition delay, burn rate,
species evolution histories, emissions, multi-component spray vaporization, droplet size distribu-
tion, etc. These properties are evaluated in controlled conditions devices, and it is difficult to a
surrogate to match a broad range of development targets.

3) Application targets: these are the properties obtained from engine experiments, such as
combustion phasing and duration, combustion efficiency and primary emissions. These properties
may be obtained in steady-state or in transient operation, and can be only used to evaluate the
quality of a surrogate fuel if relevant property targets matches.

Furthermore, there are some fuel characteristics used to validate chemical kinetic models.
For example, laminar flame speed. It is the propagation speed of a adiabatic laminar flame and
depends on fundamentals fuel properties: thermal diffusivity, reactivity and exothermicity (Zhao
et al., 2004).

The steps of the development of a chemical kinetic model are described in chapter 3. In the
present work, the blend of three pure fuels was studied: n-decane, that is the main component of
some diesel or kerosene surrogates; methyl decanoate, that is studied as a biodiesel surrogate; and
ethanol. Physicochemical properties and combustion of ternary blends were studied as well.
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2.2 N-decane as a component of diesel and kerosene surrogates

Real fuels derived from petroleum, such as diesel and kerosene, are complex blends of dif-
ferent hydrocarbons. Due to oil variability and to variabilities in refining processes, diesel and
kerosene composition and properties change from refinery to refinery, as said in chapter 1. Figure
2.1 presents the average composition of kerosene Jet A1 and North American diesel.

Figure 2.1: Average composition of kerosene Jet A1 and North American diesel. Source: Own
elaboration, using data from Dagaut et al. (2006) and Farrell et al. (2007)

Different types of kerosene are used as jet fuel. Kerosene Jet A1, for example, is composed
of alkanes (50-60 % vol.) mono- and poly-aromatics (10–20% vol.) and cycloalkanes or naphtenes
(mono- and polycyclic, 20–30% vol.) (Dagaut et al., 2006). It is the jet fuel used in turbine aircrafts
in Brazil (Nacional Oil Agency, 2009).

Diesel is composed of medium-high molecular-weight hydrocarbons. Figure 2.2 presents
some representative examples of the major classes of molecules contained in it. The proportion
of the components are highly variable. North American diesel is composed for alkanes (25-50 %
vol.) mono- and poly-aromatics (15–40% vol.) and cycloalkanes or naphtenes (mono- and poly-
cyclic, 20–40% vol.) (Farrell et al., 2007).

In order to assure diesel properties, there are laws that vary worldwide. Brazilian diesel is
regulated by ANP resolution N° 50, from 12/23/2013 and ANP resolution N° 69, from 12/23/2014
that make small modifications on it. ANP resolution N° 50 classifies diesel for road use in two
kinds:
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Figure 2.2: Representative examples of the major classes of molecules contained in diesel fuel.
Adapted from: Farrell et al. (2007)

∘ Diesel A: It is a fuel made in refineries, in the core of petrochemical raw materials and mak-
ers, or other authorized places. It is made for vehicles equipped with Diesel cycle engines,
road use, without the addition of biodiesel;

∘ Diesel B: It is diesel A with the addition of biodiesel. Proportion varies according to legisla-
tion. Since November 1th 2014, it is 7%. Brazilian biodiesel is regulated by ANP resolution
n° 45, from 8/25/2014.

Diesel A and B are classified according to their maximum sulfur:

∘ Diesel A S10 and B S10: maximum 10 mg of sulfur/kg of fuel.

∘ Diesel A S500 and B S500: maximum 500 mg of sulfur/kg of fuel.

Brazilian urban bus of several cities use diesel B S10 only.
The choice of a surrogate depends on the application target chosen. Farrell et al. (2007);

Battin-Leclerc (2008); Pitz and Mueller (2011) made extensive reviews of different types of diesel
surrogate fuels, and we recommend these works for further information. Dagaut and Cathonnet
(2006) presents a review on experimental and kinetic modeling of kerosene. They reviewed the
development of surrogates for jet fuels and highlighted the importance of n-decane as a kerosene
surrogate or as a component of it.

In the present work, pure n-decane (𝐶10𝐻22) was studied. Figure 2.3 presents its 2D structure
and 3D conformation. N-decane is a n-alkane and it can be used for the development of higher
alkane property models studies. It is an important component of real diesel and it is studied as
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a kerosene surrogate and as the major component of diesel surrogates. Blends of n-decane and
𝛼-methylnaphthalene are one of the most studied diesel surrogate (Farrell et al., 2007).

Figure 2.3: N-decane a) 2D structure and b) 3D conformation. Source: National Center for Biotech-
nology Information (2015)

Barths et al. (1999) compared diesel with n-decane and a blend of 70% n-decane and 30%
𝛼-methylnaphthalene (volume), called IDEA fuel. Experiments were made in a real motor and a
flamelet model was developed for simulations. No difference was observed between vaporization,
ignition and heat release of diesel and IDEA fuel. Evaluation of the emissions revealed that the
gradient of 𝑁𝑂𝑥 and soot emissions for IDEA and diesel is the same, with diesel values about
3-7% higher. On the other hand, n-decane 𝑁𝑂𝑥 and soot emissions are significantly (about 30%)
smaller. These results are presented in Figure 2.4.

Figure 2.4: Comparison between diesel, n-decane and IDEA fuel (70%n-decane + 30% 𝛼-
methylnaphthalene) emissions. Source: Barths et al. (1999)

Lemaire et al. (2009) experimentally compared soot formation of commercial low sulfur
diesel, IDEA fuel and a modified IDEA, with 80%n-decane and 20%𝛼-methylnaphthalene (vol-
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ume). The modified IDEA mapping of soot volume fraction and fluorescent soot precursors are
quite identical to disel’s. IDEA fuel emission were higher than diesel’s. The composition of the
soot differed from the surrogates to diesel.

Ramirez L et al. (2010) compared the kinetics of oxidation of diesel and IDEA fuel at 10atm,
for temperatures of 560-1030 K and equivalence ratios of 0.25, 0.5, 1, and 1.5. Concentration
profiles obtained from 𝐶𝑂, 𝐶𝑂2, 𝐻2𝑂 and 𝑂2 were very similar between the two fuels. Surrogate
produced more 𝐶2𝐻2 and 𝐶3𝐻3 and less 𝐶𝐻4.

Several studies have compared the oxidation of kerosene with the oxidation of n-decane.
Vovelle et al. (1991) used a mass spectrometer to measure different aromatic species in sooting
process of n-decane and kerosene. The combustion occurred in a flat flame burner. They concluded
that the flame structure of kerosene and decane are very similar, except for benzene formation. This
similarity was validated again by Dagaut et al. (1994), that used a jet-stirred reactor to compare the
oxidation of these two fuels; and by some other works presented in Table 2.1.

Table 2.1 summarizes pure n-decane and n-decane blends kinetic chemical models available
in literature. The studies started in the 1990’s and most of them were developed to mimic kerosene
behavior. Some of them were created from the start, manually or using computer codes; others
were generated adding reactions to preexisting models of smaller alkanes. Their ability to describe
combustion vary for a wide range of pressures, temperatures and air/fuel ratios. The models were
validated measuring flame speed, flame profiles and emissions. Figure 2.5 presents the number of
species and reactions of n-decane chemical kinetic models available in literature over the years.

Figure 2.5: Number of species and reactions of n-decane chemical kinetic models available in
literature over the years. Source: own elaboration.
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Table 2.1: N-decane chemical kinetic models. Source: own elaboration

Studied fuel Target Fuel Number of Species and Reactions Work Developed Reference

n-decane n-decane 37 species and 202 reactions The structure of a premixed soot-
ing decane 𝑂2-Ar flame (𝜑 = 1.9)
has been simulated using a detailed
kinetic mechanism and determined
experimentally

Delfau et al. (1991)

n-decane n-decane not available Concentration of molecular species
in n-decane oxidation in a jet-stirred
flow reactor (temperature range
873-1033 K at atmospheric pres-
sure) was measured by gas chro-
matography. Results were used to
develop quasi-global chemical ki-
netic reaction mechanisms.

Bales-Gueret et al.

(1992)

90% n-decane +10%
toluene

kerosene not available Comparison of computed mole
fraction profiles with measured pro-
files of a sooting kerosene-oxygen-
argon flame with an equivalence ra-
tio of 2.2

Vovelle et al. (1994)

n-decane kerosene 90 species and 573 reactions A detailed chemical kinetic reac-
tion mechanism of n-decane was
developed to reproduce experimen-
tal data of kerosene oxidation.

Dagaut et al. (1994)
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n-decane kerosene not available Detailed chemical kinetic modeling
of the high-temperature oxidation
of n-decane

Dagaut et al. (1995)

n-decane n-decane 350 species and 1650 reactions Reaction mechanism for the oxida-
tion of n-decane and n-heptane was
automatically generated by a pro-
gram developed. The mechanisms
are validated for a wide range of
pressures, temperatures, and equiv-
alence ratios, covering conditions
dictated by potential applications.

Nehse et al. (1996)

n-decane n-decane 1𝑠𝑡 mechanism: 78 species and
638 reactions; 2𝑛𝑑 mechanism: 62
species and 467 reactions

Chemical structure of a premixed
n-decane/𝑂2/𝑁2 flame (equivalence
ratio 1.7, 1atm) has been sim-
ulated with two reaction mecha-
nisms. The second mechanism was
derived from the first one by succes-
sively removing an increasing num-
ber of n-decyl radicals. The only
species affected are the large inter-
mediate olefins.

Douté et al. (1997)
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n-decane n-decane 1216 species and 7920 reactions Development of a detailed model
of the oxidation of n-octane and
n-decane in the gas phase by us-
ing mechanisms written by means
of a software recently developed
(EXGAS). Computational data was
compared to literature data. Consid-
ering that no fitting of any kinetic
parameter was done, the agreement
between computed and experimen-
tal values is satisfactory.

Glaude et al. (1998)

78% n-decane, 9.8%
cyclohexane and
12.2% toluene by
volume

kerosene not available Comparison between experimental
and simulated concentration pro-
files for different pressures and
equivalence ratios

Cathormet et al.

(1999)

n-decane kerosene 78 species and 283 reactions Reduction of the mechanism for
the oxidation of n-decane. En-
trance temperature between 300K
and 400K. Pressure between latm
and 40atm and equivalence ratios
between 0.3 and 2.5

Cathormet et al.

(1999)
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pure n-decane;
70% (volume)
n-decane + 30% 𝛼-
methylnaphthalene
(Idea-fuel)

diesel 118 species and 557 reactions “Representative Interactive
Flamelet” (RIF) model was
used to simulate the combustion of
two fuels. Results were compared
to experimental results obtained in
a real motor fueled with the two
surrogates and diesel. Experimental
results showed that both studied
fuels are adequate surrogates to
diesel, except in 𝑁𝑂𝑥 and soot
formation, in which n-decane fail to
reproduce diesel behavior. Injection
rates were the only parameters that
differed in simulations.

Barths et al. (1999)

70% (volume)
n-decane + 30% 𝛼-
methylnaphthalene
(Idea-fuel)

diesel 109 species and 519 reactions Eulerian particle flamelet model is
used to simulate combustion. Simu-
lation results were compared to ex-
periments made with diesel in a mo-
tor.

Barths et al. (2000)



20

n-decane n-decane 69 species and 494 reactions Development of a new partially
reduced skeletal chemical kinetic
mechanism for the oxidation and
pyrolysis of n-decane, based in pre-
vious n-heptane model. Validation
using n-decane flow reactor data
and comparison against n-decane
oxidation jet-stirred reactor data
and n-decane/air shock tube igni-
tion delay data obtained from the
literature

Zeppieri et al.

(2000)

n-decane kerosene Not available Comparison of n-decane and
kerosene premixed flames profiles

Lindstedt and Mau-
rice (2000)

n-decane n-decane 1216 species and 7920 reactions Computer package EXGAS was
used to automatically generate de-
tailed kinetic mechanisms for n-
decane from 550 K to 1600 K, aim-
ing at reproducing experiments per-
formed in a jet-stirred reactor and
in a premixed laminar flame. The
predictions of the mechanisms were
compared to the experimental re-
sults without any adjustment of ki-
netic data.

Battin-Leclerc et al.

(2000)
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89% n-decane +
11% toluene

kerosene 14 global reactions to break down
the parent molecule into smaller
alkyl radicals and olefins

Effect on the structure of counter-
flow diffusion flames of increasing
both the pressure and the strain rate

Patterson et al.

(2001)

n-decane n-decane 67 species and 600 reactions Development of a chemical kinetic
mechanism for the combustion of
n-decane. Validation has been per-
formed by using experimental mea-
surements on a premixed flame of
n-decane, 𝑂2 and 𝑁2, stabilized at
1 atm on a flat-flame burner, as well
as from shock-tube ignition exper-
iments, from jet-stirred reactor ex-
periments and from a freely propa-
gating premixed flame. Special at-
tention is directed towards an accu-
rate description of species relevant
to pollutant formation.

Bikas and Peters
(2001)

n-decane n-decane 715 species and 3872 reactions A kinetic mechanism automatically
generated by a software developed
at the laboratory (EXGAS) was val-
idated using literature shock tubes
and in rapid compression machines
data. Temperature ranged from 600
to 1200 K, and pressure ranged
from 1 to 50 bar.

Buda et al. (2005)
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n-decane n-decane 250 species and 5000 reactions A new chemical model was devel-
oped for n-decane based in pre-
viows n-pentane and n-heptane ki-
netic models, using a lumped ap-
proach. Comparison to experimen-
tal literature data was made in order
to validate the developed model.

Ranzi et al. (2005)

74% n-decane, 15%
n-propylbenzene,
and 11% n-
propylcyclohexane

kerosene 209 species and 1673 reactions A new chemical model was cre-
ated and evaluated. Ignition delay
foreseen agreed with literature data
when 𝜑 = 0.5. The model fail to
predict high pressures behavior

Dagaut and Cathon-
net (2006)

77% n-decane and
23% mesitylene (by
volume)

kerosene Not available Laser extinction, fine wire ther-
mocouples, and mass spectromet-
ric sampling were used to deter-
mine soot volume fraction, temper-
ature and mixture fraction. Species
are added to a previously developed
flamelet-based two-equation model
of soot formation used for methane-
air flames to describe the studied
surrogate

Moss and Aksit
(2007)
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n-decane different large
hydrocarbons

1253 species and 4177 reactions Modifications were made in a code
that automatically generate chem-
ical mechanisms. Simulations of
data available in literature were car-
ried out to validate the developed
model.

Muharam and War-
natz (2007)

n-decane and other
fuels (n-heptane,
iso-octane and
n-decane + toluene)

n-decane,
n-heptane,
iso-octane and
kerosene

154 species and 850 reactions A new chemical model was build
adding some reactions to a previ-
ous scheme developed to model jet-
fuel. The model was validate by
JSR experiments at 1.0 and 2.0 MPa
and by soot analisys at 0.1, 1.0 and
2.0 MPa.

Marchal et al.

(2009)

n-alkane hydrocar-
bons from n-octane
to n-hexadecane

n-alkane
hydrocar-
bons from
n-octane to
n-hexadecane

940 species and 3878 reactions Development of detailed chemical
kinetic reaction mechanisms de-
scribing pyrolysis and oxidation of
nine n-alkanes from n-octane to n-
hexadecane. These mechanisms are
validated through extensive com-
parisons between computed and ex-
perimental data from a wide variety
of different sources.

Westbrook et al.

(2009)
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80%n-decane
+ 20% 1,2,4-
trimethylbenzene
by weight (Aachen
surrogate)

kerosene not available A chemical-kinetic mechanism was
developed assembling previously
developed chemical-kinetic mech-
anisms for the components. The
mechanism was validated using ex-
perimental data.

Honnet et al. (2009)

70% n-decane
and 30% 𝛼-
methylnaphthalene
(volume)

diesel 1124 species and 4762 reactions Surrogate and diesel oxidation were
experimentally studied, confirming
surrogate’s reliability. A chemical
kinetic model was developed and
simulation results showed reason-
able agreement with experimental
data.

Ramirez L et al.

(2010)

70% n-decane
and 30% 𝛼-
methylnaphthalene
(volume)

diesel 662 species and 3864 reactions The auto-ignition of fuel/air mix-
tures was studied in a heated high-
pressure shock tube. A comprehen-
sive kinetic mechanism was devel-
oped and showed good agreement
with experimental data.

Wang et al. (2010)
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n-decane n-decane 1𝑠𝑡 mechanism: 202 species and
846 reactions; 2𝑛𝑑 mechanism: 51
species and 256 reactions

Directed relation graph with error
propagation and sensitivity analysis
(DRGEPSA) was used to reduct a
detailed reaction mechanism for n-
alkanes to two skeletal mechanisms
for n-decane: the first one covered
a comprehensive range of tempera-
ture, pressure, and equivalence ratio
conditions, and the other limited to
high temperatures.

Niemeyer et al.

(2010)

n-decane n-decane 40 species and 141 reactions Decoupling methodology was used
to develop a new skeletal n-decane
oxidation mechanism. Simulations
were compared to literature data
and used to predict the combustion
and emissions of premixed charge
compression ignition engines.

Chang et al. (2013)
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2.3 Ethanol

Ethanol (𝐶2𝐻6𝑂) is a renewable fuel that can be obtained by the fermentation of several
vegetable species. It’s structure is presented in Figure 2.6. Brazilian ethanol is regulated by ANP
resolution n°19. It classifies ethanol in three types: anhydrous ethanol fuel (AEF), that is the one
mixed with the gasoline sold in Brazilian gas stations; hydrated ethanol fuel (HYF), that is intended
for direct use in internal combustion engines; and premium hydrates ethanol fuel (PYEF), that has
a different variation in the specific gravity range.

Figure 2.6: Ethanol a) 2D structure and b) 3D conformation. Source: National Center for Biotech-
nology Information (2015)

There are several chemical kinetic models describing ethanol combustion available in lit-
erature. Table 2.2 summarizes them. Ethanol models are simpler than n-decane models because
ethanol chain is shorter and its decomposition involves a smaller number of reactions. One model
was developed adding reactions to a previous methanol model; the others used experimental data
obtained using different equipments, such as a counterflow twin flame, a turbulent flow reactor or
shock tubes. Figure 2.7 presents the number of species and reactions of ethanol chemical kinetic
models available in literature over the years.
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Table 2.2: Ethanol chemical kinetic models. Source: own elaboration

Number of Species and Reactions Work Developed Reference

30 species and 97 reactions A kinetic mechanism for high temperature ethanol ox-
idation was assembled based on a preview methanol
model and adjusted to fit experimental ignition delay
time data.

Dunphy et al. (1991)

35 species and 196 reactions A counterflow twin flame technique was used to mea-
sure flame speed of ethanol/air mixtures at 1atm and ini-
tial temperature varying from 363K and 453K. Data ob-
tained were used to develop a detailed kinetic scheme
that was able to describe ethanol, methanol, methane and
𝐶2 − ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑠 flame speed. Some sub-reactions
speeds numerically predicted significantly differed from
experimental literature data.

Egolfopoulos et al.

(1992)

34 species and 142 reactions A turbulent flow reactor was used to analyze ethanol
combustion with initial temperature near 1100K and
equivalence ratio varying from 0.61 to 1.24. Experimen-
tal profiles of stable species concentration were used to
validate a chemical kinetic model.

Norton and Dryer
(1992)

57 species and 387 reactions A new chemical kinetic scheme was developed based
on experimental data acquired by shock tubes, combus-
tion bomb , counterflow twin flame and jet-stirred and
turbulent flow reactors. Initial temperature ranged from
1000K to 1700 K, pressure ranged from 1.0atm to 4.5atm
and equivalence ratio ranged from 0.5 to 2.0.

Marinov (1999)
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36 species and 192 reactions A new detailed chemical kinetic mechanism was de-
veloped based on previous hydrogen, carbon monoxide,
methane, ethane, ethylene, acetylene, propane, propene,
propyne, allene and methanol mechanisms. Tempera-
ture was restricted to below 1000K, pressure to bellow
100bar and equivalence ratio bellow 3. The mechanism
was validate experimentally using a counterflow burner,
a shock-tube and gas chromatographic analysis.

Saxena and Williams
(2007)

136 species and 1349 reactions A new model for ethanol thermal oxidation was devel-
oped and validated using a shock tube in different equiv-
alence ratios (𝜑 = 0.3 and = 1.0) and pressures (30, 40
and 50 bar); 650𝐾 ≤ 𝑇 ≤ 1220𝐾.

Cancino et al. (2010)

36 species and 252 reactions A new chemical kinetic mechanism was built by thor-
oughly reviewing the literature. It was validated by mea-
suring mole fraction profiles of chemical species of ne-
dimensional laminar premixed flames with equivalence
ratio varying from 0.25 to 2.00.

Leplat et al. (2011)
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Figure 2.7: Number of species and reactions of ethanol chemical kinetic models available in litera-
ture over the years. Source: own elaboration.

2.4 Blends properties

Oil crisis has motivated diesel-ethanol blends to be studied since 1980. These blends are
called e-diesel or diesehol. Even thought it was shown that these blends were technically accept-
able for existing diesel engines, they were not commercially used because ethanol price was not
competitive. It started to change with increasing interest in renewable fuels due to environmental
causes. Nowdays, ethanol price is competitive with diesel, and the main interest of e-diesel use is
emissions reduction (Hansen et al., 2005). Ethanol diffusion flames product virtually no soot, what
makes e-diesel interesting to meet 𝑁𝑂𝑥 and particulate matter (PM) emissions legislation (Datta
and Mandal, 2016).

Miraglia (2007) simulated the environmental and social impacts from the use of a 91.8%
common diesel, 7.7% ethanol, and 0.5% additive (vol) blend in the bus and truck fleet of the city of
São Paulo, Brazil. The results are reduction in air pollutants, especially particulated matter (10.79%
reduction), and consequent reduction in diseases and deaths. Economic advantages were reported as
well. Even thought there are costs involved (Cleaning of diesel storage tanks, installation of vacuum
and pressure valve in storage tank and intensive training in safety and handling and periodic main-
tenance), they are outnumbered for the benefits: the operational costs are reduced due to additive’s
high lubricity and less contamination of lubricant oil, that increases oil drain intervals for motor
maintenance; and the dispersant detergent characteristic of the additive, that reduces the engine
residue, providing longer engine maintenance intervals. Furthermore, there are social-economic
benefits: job generation (direct and indirect), stability and employment of unskilled workforce, de-
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creased national energy dependence (improved balance of payments), sustainable development and
potential carbon credits due to probable greenhouse gas reduction. Environmental cost of sugarcane
harvesting could not be estimated.

Recently, the interest in biofuels also has grown in the aviation industry. Besides its low
energy density, ethanol is considered one of the most promising renewable fuels, but the limited
miscibility of it in kerosene at lower temperatures is an obstacle. Hydrous ethanol miscibility in
kerosene is even lower than anhydrous ethanol miscibility; but the costs of hydrous ethanol are
much lower than anhydrous ethanol costs. Chen et al. (2014) studied a blend of n-decane (80%
vol.) and 1,2,4-Trimethylbenzene (20% vol.) as a kerosene surrogate, and evaluated the miscibility
of ternary surrogate-ethanol-water blends. The results are presented in Figure 2.8, where the sepa-
ration curves and tie lines calculated can be seen. In the figure, A is an arbitrarily chosen point in
the two-phase region, P1 and P2 are the the intersection points and refer to the composition of each
phase.

Figure 2.8: Ternary diagram of a kerosene surrogate(80% n-decane + 20% 1,2,4-Trimethylbenzene
–vol.) - ethanol - water blends with the separation curve. Source: Chen et al. (2014)

2.4.1 Biodiesel use as solubilizer

In order to reduce greenhouse emissions and the use of fossil fuels, Brazil uses 7% biodiesel +
93% diesel blends in diesel engines. Ethanol can be used to produce biodiesel through ethanolysis,
but it increases production costs (Lapuerta et al., 2007). It is important to emphasize that using fuels
from diverse sources guarantee energy safety; so ethanol and biodiesel can be complementary.

. Diesel-ethanol blends are stable only in restricted conditions: solubility decreases with the
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content of water in ethanol, when temperatures decreases and with the increase of the ratio of aro-
matic compounds. Lapuerta et al. (2007) concluded that blends up to 10% in volume of anhydrous
ethanol can be used in diesel engines in countries where ambient temperature does not decreases
bellow 5°C. It is necessary to prevent contamination with water, especially in places where the
humidity is high. In the present work, n-decane was studied as the main component of diesel sur-
rogate. The solubility curve of n-decane - ethanol - water blends can be found in Skrzecz et al.

(1999)
In order to increase blend stability in lower temperatures or in higher ethanol content blends,

a surfactant or a co-solvent additive can be added. A broader discussion of the types of possible
additives is out of the scope of this work, but we recommend the review made by Ribeiro et al.

(2007) for further information. There are several studies of mixtures of diesel, biodiesel and ethanol;
and biodiesel can be used to stabilize diesel-ethanol blends that other way would form a biphasic
blend (Chotwichien et al., 2009).

Chotwichien et al. (2009) studied the effect of palm oil alkyl esters (types of biodiesel) in the
stability of diesel-ethanol blends. The ternary diagram developed by them is presented in Figure
2.9.

2.4.2 Methyl decanoate as a biodiesel surrogate

Methyl decanoate (𝐶11𝐻22𝑂2) has been studied as a biodiesel surrogate in several works, as
can be seen in Alviso (2013) and references therein. Figure 2.10 presents methyl decanoate 2D
structure and 3D conformation.

There are several chemical kinetic models of methyl decanoate combustion available in lit-
erature. Some of them are summarized in Table 2.3. Figure 2.11 presents the number of species
and reactions of methyl chemical kinetic models available in literature over the years. All works
presented there highlights the importance of methyl decanoate as a surrogate for biodiesel.

2.4.3 Physicochemical properties

Due to fuels differences, some aspects need to be evaluated in order to use e-diesel. There are
several studies comparing e-diesel’s and diesel’s properties, emissions, performance and viability.

The three pure substances and the real fuels that they intend to mimic have different physic-
ochemical properties that need to be evaluated. Table 2.4 compares some properties of them. As
long as diesel, kerosene and biodiesel properties change depending on how they were obtained,
data from Brazilian legislation are presented in the Table. The evaluated properties are not speci-
fied for Brazilian ethanol. It is a pure substance, so those data were found in Toxicology Data Net-



32

Figure 2.9: Long term stability of diesel–palm oil alkyl ester–ethanol at (a) 10°C (b) 20°C and (c)
30°C. Adapted from: Chotwichien et al. (2009)

work (2016); NNOAA’s Ocean Service (2016); Yanowitz et al. (2014) and Knothe and Steidley
(2005). Table 2.4 shows that n-decane density at 20°C and flash point are similar to diesel and
kerosene’s; but viscosity of n-decane at 40°C is half of diesel’s and cetane number of n-decane
is higher than diesel’s. The same occurs comparing methyl decanoate and biodiesel: density and
flash point are close, but methyl decanoate viscosity is much smaller. A adequate surrogate do not
need to reproduce all physicochemical properties of the target fuel, and those characteristics do not
necessarily affect combustion behavior. Differences between diesel and ethanol and kerosene and
ethanol presented in Table 2.4; and the effect of biodiesel addition in this blends are discussed in
next subsections.
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Figure 2.10: Methyl decanoate a) 2D structure and b) 3D conformation. Source: National Cen-
ter for Biotechnology Information (2015)

Figure 2.11: Number of species and reactions of methyl chemical kinetic models available in liter-
ature over the years. Source: own elaboration
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Table 2.3: Methyl decanoate chemical kinetic models. Source: own elaboration

Number of Species and Reactions Work Developed Reference

3036 species and 8555 reactions A chemical kinetic model was developed combining pre-
existing models for n-heptane, iso-octane and methyl bu-
tanoate and adding some chemical data of methyl de-
canoate. It was validated using shock tube experiments
and jet stirred reactor experiments.

Herbinet et al. (2008)

125 species and 713 reactions “Directed relation graph” method was used to reduce a
previous model with 8555 reactions and 3036 species.
The new model developed was validated in a counterflow
configuration for critical conditions of extinction and ig-
nition.

Seshadri et al. (2009)

648 species and 2998 reactions An opposed-flow diffusion flame was used to obtain data
of methyl decanoate combustion. A new chemical ki-
netic model was developed and validated for tempera-
tures of 900–1800 K, equivalence ratios of 0.25–2.0, and
pressures of 101 and 1013 kPa

Sarathy et al. (2011)

324 species and 3231 reactions A new chemical kinetic model was developed using EX-
GAS and was validated using data obtained in a jet-
stirred reactor at temperatures ranging from 773K to
1123K.

Herbinet et al. (2011)

About 350 species and 10 000 reactions A chemical kinetic model for combustion and pyrolisys
of methyl decanoate was developed by lumping method-
ology using a previous developed methyl butanoate
model. It was validated for temperatures of 500-2000K,
pressures up to 16 bar and several equivalent ratios.

Grana et al. (2012)
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2276 species and 7086 reactions; 530
species and 2396 reactions; 238 species
and 1244 reactions

A detailed chemical kinetic model for of methyl de-
canoate was developed by the extension of the chemi-
cal kinetic and thermochemical parameters of a methyl
butanoate model. It was too large to flame simulations,
so two reduced models were generated. Simulations os
the reduced models were compared with experimental
literature data for premixed flame conditions, high tem-
perature ignition delay and stirred reactor speciation, and
the results have a better agreement than previous models
available in literature.

Diévart et al. (2012)
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Table 2.4: Physicochemical Characteristics of n-decane, Brazilian diesel, kerosene Jet A-1, ethanol, methyl decanoate and Brazilian
biodiesel. Source: own elaboration, using data from [1] Toxicology Data Network (2016); [2] Nacional Oil Agency (2015b); [3]
Nacional Oil Agency (2009); [4] Nacional Oil Agency (2014); [5] NNOAA’s Ocean Service (2016); [6] Sigma-Aldrich (2016); [7]
Yanowitz et al. (2014); [8] Knothe and Steidley (2005)

Characteristic n-decane diesel S10 diesel S50 kerosene Jet A-1
Molecular mass [𝑔/𝑚𝑜𝑙] 142.29 — — —
Density at 20°C [𝑔/𝑐𝑚3] 0.7300 [1] 0.815 to 0.850 [2] 0.815 to 0.865 [2] 0.7713 to 0.8366 [3]

Viscosity [𝑚𝑚2/𝑠] at 40∘𝐶 0.97 [8] 2.0 to 4.5 [2] 2.0 to 5.0 [2] not specified [3]
Flash Point [∘𝐶] 46 [1] min. 38 [2] min. 38 [2] min. 38.0 or 40.0 [3]
Cetane number 76 to 78 [7] min. 48 [2] min 42 [2] not specified [3]

Characteristic ethanol methyl decanoate biodiesel
Molecular mass [𝑔/𝑚𝑜𝑙] 46.07 186.29 —
Density at 20°C [𝑔/𝑐𝑚3] 0.7893 [1] 0.8730 [1] 0.850 to 0.900 [4]

Viscosity [𝑚𝑚2/𝑠] at 40∘𝐶 1.07 [8] 1.72 [8] 3.0 to 6.0 [4]
Flash Point [∘𝐶] 12.8 [5] 110 [6] min. 100 [4]
Cetane number 2 to 12 [7] 47.2 to 52.7 [7] not specified [4]
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Density and viscosity

Density is important because it affects the amount of fuel necessary to obtain some output
power: if energetic density is lower, more fuel is needed, which may increase the size and weigh of
fuel tanks. Ethanol is less dense and less viscous than diesel. Diesel is less dense and less viscous
than biodiesel. (Shahir et al., 2014). E-diesel viscosity is lower than neat diesel viscosity (Hansen
et al., 2005). Its a potential problem because lower fuel viscosity can increase pump and injector
leakage, hence reducing maximum fuel delivery and power output (Li et al., 2005). On the other
hand, a slightly smaller fuel viscosity can increase energy efficiency by helping the formation of
small diameter droplets (Moretti, 2013). Li et al. (2005) compared kinematic viscosity of neat diesel
and diesel-ethanol blends up to 25% with 1.5% solubilizer (volume). The viscosity reduced with
the addition of ethanol, as can be seen in Figure 2.12. A similar result was found by Labeckas et al.

(2014), that compared neat diesel with diesel ethanol fuels up to 15% ethanol and a 80%diesel +
15% ethanol + 5% biodiesel. The blend that contained biodiesel had a kinematic viscosity between
the blends of 5% and 10% ethanol.

Figure 2.12: Comparison between diesel and different diesel-ethanol blends kinematic viscosities.
Source: Li et al. (2005)

Cetane number

Cetane number is other important parameter to be evaluated in diesel-ethanol blends. It influ-
ences engine-start ability, emissions, peak cilinder pressure, combustion noise and engine life. The
type of additive used influences blends cetane number (Li et al., 2005). Labeckas et al. (2014) stud-
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ied diesel with cetane number = 51.5. As revealed in references therein, the addition of anhydrous
ethanol reduces cetane number and the addition of biodiesel to diesel-ethanol blends increases
cetane number: A blend with 5% of ethanol had cetane number = 49.9 a blend with 10% ethanol
had cetane number = 46.7; a blend with 15% ethanol had cetane number = 44.4; and a blend with
15% ethanol and 5% biodiesel had cetane number = 45.1. Moretti (2013) compared a blend of 5%
biodiesel + 95% diesel with blends up to 5% anhydrous ethanol + 4.75% biodiesel + 90.25% diesel
(volume) and the cetane number of the blends did not significantly differed.

Flash point

Flash point is the lowest temperature that a fuel’s vapor can ignite. It is important for security
reasons. In ethanol-diesel blends, the flash point is determined by the fuel that has the smaller flash
point: ethanol (Li et al., 2005). This can be seen in Figure 2.13.

Figure 2.13: Comparison between diesel and different diesel-ethanol blends flash points. Source:
Li et al. (2005)

Material compatibility

Ethanol is more corrosive than fossil fuels, so it is necessary to study material compatibil-
ity to use blends containing ethanol in motors. Studies made for gasoline-ethanol blends can be
extrapolated to diesel-ethanol blends. The most impaired motor components are the metal ones,
but non-metalic parts are affected as well: seals, o-rings and other elastomeric, resin-bonded and
resin-sealed components (Hansen et al., 2005).
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Emissions

Finally, emissions and engine performance need to be evaluated. Ajav et al. (1999) compared
the performance of a low horsepower, constant speed, stationary diesel engines running with neat
diesel and 5%, 10%, 15% and 20% ethanol-diesel blends.They evaluated brake horsepower (bhp),
brake specific fuel consumption (bsfc), brake thermal efficiency, exhaust gas temperature and lu-
bricating oil temperature, and exhaust emissions. Engine start and bhp did not change significantly
with the addition of ethanol. Other parameters maintained its curves, but changed values: bsfc in-
creased with ethanol addition. Brake thermal efficiency, exhaust gas temperature, temperature of
the lubricating oil and 𝐶𝑂 and 𝑁𝑂𝑥 emissions decreased with ethanol addition. Li et al. (2005)
also compared performance and emissions of diesel and e-diesel, using the same blends proportions
that Ajav et al. (1999), and found similar results to bsfc, 𝐶𝑂 and 𝑁𝑂𝑥 emissions. Besides, they
found out that the emissions of total hydrocarbons increased.

2.5 Comparison between chemical kinetic models available for studied fuels

Figure 2.14 relates the number of species and reactions of the chemical kinetic models pre-
sented on tables 2.1, 2.2 and 2.3. It shows that there is a tendency of models with more species
also have more reactions. It also reveals that ethanol models are the smaller; and methyl decanoate
models are the bigger. It happens due to the size of molecules. Ethanol is a simple alcohol and its
models can be used as a start point to the development of models to larger alcohols. In the other
hand, n-decane and methyl decanoate are more complexes molecules, and some of its models have
been built over smaller molecules models.

Figure 2.14: Relation between the number of species and reactions of chemical models available in
literature. Source: own elaboration.
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3 METHODOLOGY

This chapter is divided in two main parts:

1. Physicochemical characterization of the blends, described in section 3.1;

2. Combustion characterization, described in section 3.2.

3.1 Physicochemical characterization of the blends

The first part of this chapter is the physical-chemical characterization of ternary n-decane
- ethanol - methyl decanoate blends. No previous study of ternary n-decane - ethanol - methyl
decanoate blends or quaternary n-decane - ethanol - methyl decanoate - water blends properties
were found in literature. The characteristics evaluated were:

1. Solubility, important to determine the ratio of each fuel that can be used in combustion.
Ethanol solubility in diesel and kerosene varies with temperature, presence of water and
ethanol ratio (Gerdes and Suppes, 2001). Biodiesel can be used to increase the solubility of
ethanol in diesel (Chotwichien et al., 2009).

2. Density, used to compare properties of surrogates and real fuels and important due to ener-
getic density.

3. Flash point, important for safety reasons.

The reagents are described in Table 3.1.

Table 3.1: Reagents used. Source: own elaboration

Reagent Producer Purity
Decane Exodo 99%

Anhydrous ethanol Exodo 99.9%
Methyl-decanoate Aldrich ≥ 99%

The tests were made for the proportions presented in Table 3.5. The exact values used are pre-
sented in Appendix A. Blends were evaluated in weight basis, but Table 3.5 presents also the equiv-
alent volume ratio of tested blends in Standard Conditions for Temperature and Pressure (SCTP),
as a reference. The samples were weighed on a precision scale with error = ±0.0001𝑔.
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Table 3.2: Blends ratio tested. Source: own elaboration

% Weight basis % Volumetric basis
Sample N-decane Ethanol Methyl decanoate N-decane Ethanol Methyl decanoate

1 80.0 10.0 10.0 82.0 9.5 8.6
2 70.0 10.0 20.0 72.9 9.6 17.4
3 70.0 20.0 10.0 72.3 19.1 8.6
4 60.0 10.0 30.0 63.6 9.8 26.6
5 60.0 20.0 20.0 63.0 19.4 17.6
6 60.0 30.0 10.0 62.4 28.9 8.7
7 50.0 10.0 40.0 53.9 10.0 36.1
8 50.0 20.0 30.0 53.4 19.8 26.8
9 50.0 30.0 20.0 52.9 29.4 17.7
10 50.0 40.0 10.0 52.4 38.8 8.8
11 40.0 10.0 50.0 43.9 10.2 45.9
12 40.0 20.0 40.0 43.5 20.1 36.4
13 40.0 30.0 30.0 43.1 29.9 27.0
14 40.0 40.0 20.0 42.7 39.5 17.8
15 40.0 50.0 10.0 42.3 48.9 8.8
16 30.0 10.0 60.0 33.5 10.3 56.1
17 30.0 20.0 50.0 33.2 20.5 46.3
18 30.0 30.0 40.0 32.9 30.4 36.7
19 30.0 40.0 30.0 32.6 40.2 27.2
20 30.0 50.0 20.0 32.3 49.7 18.0
21 30.0 60.0 10.0 32.0 59.1 8.9
22 20.0 10.0 70.0 22.8 10.5 66.7
23 20.0 20.0 60.0 22.6 20.9 56.6
24 20.0 30.0 50.0 22.3 31.0 46.7
25 20.0 40.0 40.0 22.1 40.9 37.0
26 20.0 50.0 30.0 21.9 50.6 27.5
27 20.0 60.0 20.0 21.7 60.2 18.1
28 20.0 70.0 10.0 21.5 69.5 9.0
29 10.0 10.0 80.0 11.6 10.7 77.7
30 10.0 20.0 70.0 11.5 21.3 67.3
31 10.0 30.0 60.0 11.4 31.6 57.1
32 10.0 40.0 50.0 11.3 41.7 47.1
33 10.0 50.0 40.0 11.1 51.6 37.3
34 10.0 60.0 30.0 11.0 61.3 27.7
35 10.0 70.0 20.0 10.9 70.8 18.3
36 10.0 80.0 10.0 10.8 80.1 9.1
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3.1.1 Solubility tests

Solubility analysis was visual: homogeneous blends had a translucent appearance, and non-
homogeneous blends were cloudy. The blends were mixed and then they were allowed to stand
in a water bath for at least 18 hours, using two different temperatures: 𝑇1 = 25.0 ± 0.1∘𝐶 and
𝑇2 = 5.0± 0.1∘𝐶, at atmospheric pressure.

Solubility analysis was made for two conditions: first, using anhydrous ethanol presented in
Table 3.1. Samples tested were 1, 9, 17, 20, 29 and 36. These samples were chosen because they are
critical points of the solubility triangle: the edges and the middle. Then, all the samples presented in
Table 3.5 were tested using hydrated ethanol, obtained by adding milli-q water to anhydrous ethanol
in proportion = 93.3 ± 0.4% ethanol +6.8 ± 0.4% water (mass fraction), which is equivalent to
94.5±0.4% ethanol +5.5±0.4% water in volumetric fraction at SCTP. This proportion was chosen
because Brazilian legislation determines that the minimum ethanol content in hydrated ethanol fuel
is 94.5% (vol) and maximum water content is 7.5% (mass) (Nacional Oil Agency, 2015a). The
exact values of each component used in sample are presented in Appendix A. Each blend weighed
about 4.0g.

3.1.2 Density test

Density test was performed in samples 1, 3 and 6 (presented in Table 3.5; exact values of
each component used can be found in Appendix A). Each blend weighed about 30g. These sam-
ples were chosen because they have the biggest proportions of n-decane (80%, 70% and 60%,
respectively) and a constant proportion of methyl decanoate (10%), what makes them more similar
to real possibilities of combinations of target fuels. Tests were performed using a density meter
Anton-Paar DMA 4500. It uses the method of oscillating U-shaped tube. Temperatures tested were
20.00± 0.03∘𝐶, 40.00± 0.03∘𝐶 and 60.00± 0.03∘𝐶. All samples were double-checked and mea-
surement errors were in the order of 10−5𝑔/𝑐𝑚3. The difference observed between measurements
were ≤ 0.00007𝑔/𝑐𝑚3.

3.1.3 Flash Point tests

Flash point tests were made in samples 7, 10, 11 and 22 (presented in Table 3.5; exact values
of each component used can be found in Appendix A). Each blend weighed about 4.0g. Tests were
mad using the Miniflash flph, that uses the Grabner flash detection method. Each sample were
triple-checked. The measurement that deviated more was despised. The value considered was the
average between the two more close measurements. Results for samples 7, 10 and 11 were the same
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at both used tests. Results for sample 22 differed 1.0∘𝐶.

3.2 Combustion characterization

The second part of this work was developed using numerical package REGATH, described
in the subsection 3.2.1.

The numerical description of combustion consists on the following steps:

1. Development of a chemical kinetic model that describes n-decane - ethanol - methyl de-
canoate blends combustion, explained in subsection 3.2.2;

2. Numerical characterization of n-decane - ethanol - methyl decanoate blends combustion,
described in 3.2.3.

3.2.1 Numerical Package: REGATH

REGATH (Candel et al., 2011) is a numerical package written mainly in FORTRAN used to
study chemical kinetic models in combustion problems. It was developed in EM2C lab (Centrale
Supelec, France) and courteously provided to be used in the present work. REGATH’s input data
are similar to commercial package CHEMKIN, meaning that chemical kinetic models developed
to be read at CHEMKIN can be read for REGATH.

A chemical kinetic model read by REGATH consists in:

1. The Mechanism file, that contains the chemical elements, the chemical species and the reac-
tions with its respective rate coefficients of empirical Arrhenius equation (eq. 3.1):

𝑘𝑓𝑖 = 𝐴𝑖𝑇
𝛽𝑖𝑒𝑥𝑝(

−𝐸𝑖

𝑅𝑇
) (3.1)

Where 𝑘𝑓 is the rate constant of a chemical reaction, 𝐴𝑖 is pre-exponential factor , 𝛽𝑖 is
temperature exponent and 𝐸𝑖 is activation energy. The subscript 𝑖 is relative to each reaction.

2. The Thermodynamic file, that contains the 14 polynomial coefficients (7 for each temper-
ature; 2 temperatures are used) necessary to determine specific heat, enthalpy and entropy,
obtained by equations 3.2, 3.4 3.3.

𝐶𝑜
𝑝𝑘

𝑅
= 𝑎1𝑘 + 𝑎2𝑘𝑇𝑘 + 𝑎3𝑘𝑇

2
𝑘 + 𝑎4𝑘𝑇

3
𝑘 + 𝑎5𝑘𝑇

4
𝑘 (3.2)
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𝐻𝑜
𝑘

𝑅𝑇𝑘

= 𝑎1𝑘𝑇𝑘 +
𝑎2𝑘
2
𝑇𝑘 +

𝑎3𝑘
3
𝑇 2
𝑘 +

𝑎4𝑘
4
𝑇 3
𝑘 +

𝑎5𝑘
5
𝑇 4
𝑘 +

𝑎6𝑘
𝑇𝑘

(3.3)

𝑆𝑜
𝑘

𝑅
= 𝑎1𝑘𝑙𝑛𝑇𝑘 + 𝑎2𝑘𝑇𝑘 +

𝑎3𝑘
2
𝑇 2
𝑘 +

𝑎4𝑘
3
𝑇 3
𝑘 +

𝑎5𝑘
4
𝑇 4
𝑘 + 𝑎7𝑘 (3.4)

Where 𝐶𝑝𝑘 is specific heat, 𝑅 is Gas Constant, 𝐻𝑘 is enthalpy, 𝑆𝑘 in entropy, 𝑇𝑘 is temperature
and 𝑎 are the coefficients used by REGATH. The subscript 𝑘 is relative to each specie. The
superscript 𝑜 refers to the standard-state 1 atmosphere.

3. The Transport file, that contains:

∘ An index that represents the molecule geometrical configuration: 0 means that it is
monoatomic; 1 means that it is linear and 2 means that it is nonlinear;

∘ The Lennard-Jones potential in Kelvin (K);

∘ The Lennard-Jones collision diameter in Angstroms (Å);

∘ The dipole moment in Debye (D);

∘ The polarizability in Å3;

∘ The rotational relaxation collision number at 298K.

All these data are empirical, based on experimental works or guessed from similar studies.
Values used in this work were found in literature.

Figure 3.1 presents an scheme of a chemical kinetic model.
REGATH can solve different geometries problems. In the present work, two geometries are

studied: a 1D premixed laminar flame, that uses a tube where fuel and air are inserted premixed,
as presented in Figure 3.2; and a counterflow laminar diffusion flame, that uses a burner where
fuel and air are fed in separately, as presented in Figure 3.3. For further information about the real
counterflow burner simulated, we recommend the papers of Rolon et al. (1991, 1995), where it
was first described. The two geometries studied are simple, but they are important first steps for
future studies in more complex problems. Simple geometries are easier to model and control in lab,
neglecting other physic effects.

There are several real application of premixed laminar flames, such as cooktop burners and
heatings appliances. In chemical combustion studies, this configuration is important because it al-
lows the understanding of physical phenomenon that are present also in turbulent flows; and laminar
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Figure 3.1: Scheme of a chemical kinetic model. Data in red and non-italic are species properties;
data in blue and italic are reactions properties. Source: own elaboration.

Figure 3.2: Simulated geometry: 1D premixed flame. Source: Own Elaboration

flame speed and flame thickness model and measurements. The counterflow configuration is impor-
tant because it simplifies chemical combustion modeling by considering the analysis 1D, allowing
measurements of temperature and species conservation to be made in a single line. Extinction char-
acteristics and the detailed structure of diffusion flames can be understand using this configuration
(Turns et al., 1996).

REGATH uses Newton’s method to solve the following five basic equations for each
specie:Mass Conservation, Momentum Conservation, Energy Conservation, Species Conservation
and Ideal Gas Law. Aguerre (1994) presents in detail the equations used to unveil the properties
of the flame: first, he presents the general equations, then he presents the simplifying assumptions
and finally he presents the formulation used. This formulation is explained bellow.

General basic equations are: General Continuity Equation (eq. 3.5 ) , General Conservation
of Momentum (eq. 3.6 ), General Conservation of Energy ( eq. 3.7 ), General Conservation of
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Figure 3.3: Simulated geometry: Counterflow diffusion flame. Source: adapted from Aguerre
(1994)

Species ( eq. 3.8 ) and Ideal Gas Law ( eq. 3.9 ).

𝜕𝜌

𝜕𝑡
+∇.(𝜌𝑣) = 0 (3.5)

𝜕(𝜌𝑣)

𝜕𝑡
+∇.(𝜌𝑣𝑣) = 𝑓𝑣 +∇.𝜎 (3.6)

𝜌
𝜕𝑒𝑡
𝜕𝑡

+ 𝜌(𝑣.∇)𝑒𝑡 = −∇.𝑞 + (̇𝑄) + (∇.𝜎).𝑣 + 𝑓𝑣.𝑣 (3.7)

𝜌
𝜕𝑌𝑘

𝜕𝑡
+ 𝜌(𝑣.∇)𝑌𝑘 = −∇(𝜌𝑌𝑘𝑉𝑘) + 𝜔𝑘𝑊𝑘, 𝑘 = 1, ...., 𝑁 (3.8)

𝑝 = 𝜌
𝑅𝑇

𝑊
(3.9)

Where 𝜌 is density, 𝑡 is time, 𝑣 is velocity, 𝜔 is molar production rate and 𝑊 is molar mass.
Other terms are better explained while the necessary simplifications are made.

Eqs 3.5 and 3.8 are analyzed in their general form. Other basic equations can be simplified.
In eq 3.6, 𝑓𝑣 are the forces acting on the body and are negleted. 𝜎 is the surface stress tensor,
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calculated by eq 3.10.

𝜎 = −𝑝𝐼 + 𝜏 (3.10)

Where 𝜏 is the viscous stress tensor.
𝑝 is pressure, and it can be decomposed in two terms, as shown in eq. 3.11:

𝑝 = 𝑝𝑜 + 𝑝 (3.11)

𝑝 is a low pressure variation. Spacial pressure variation is neglected, and only time variations
are considered.

So, eq. 3.6 can be rewrite as eq. 3.12

𝜌
𝜕𝑣

𝜕𝑡
+ 𝜌(𝑣.∇)𝑣 = −∇𝑝+∇.𝜏 (3.12)

In eq. 3.7, 𝑒𝑡 is total energy, that can be expressed as eq. 3.13

𝑒𝑡 = 𝑒+
𝑣2

2
(3.13)

Where 𝑒 is internal energy.
The last term of eq. 3.7 can be presented as a function of mass fraction of each component

𝑌𝑘 (presented in eq 3.14), diffusion velocity of each component 𝑉𝑘 and the forces acting in each
component 𝑓𝑢𝑘. This relation is presented in eq. 3.15

𝑌𝑘 =
𝑊𝑘

𝑊
(3.14)

𝑓𝑣.𝑣 = 𝜌
𝑁∑︁
𝑘=1

𝑌𝑘(𝑔𝑖𝑣𝑖)𝑘 (3.15)

Energy conservation also can be presented as a function of total enthalpy, as presented in eq.
3.16

ℎ = 𝑒+
𝑝

𝜌
(3.16)

Heat flow, presented in eq. 3.17, is composed by two effects: conduction (first term), mea-
sured by Fourrier Law, and diffusion (second term).
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𝑞 = −𝜆∇𝑇 +
𝑁∑︁
𝑘=1

𝜌𝑌𝑘ℎ𝑘𝑉𝑘 (3.17)

𝜆 is thermal conductivity of the mixture. The subscript 𝑘 is related to each specie evaluated.
Putting together eqs. 3.7, 3.15, 3.16 and 3.17; energy conservation can be expressed as eq.

3.18.

𝜌
𝜕ℎ

𝜕𝑡
+ 𝜌(𝑣.∇)ℎ = −∇.(−𝜆∇𝑇 + 𝜌

𝑁∑︁
𝑘=1

𝑌𝑘ℎ𝑘𝑉𝑘) + (̇𝑄) + 𝜌

𝑁∑︁
𝑘=1

𝑌𝑘𝑓𝑣𝑘𝑉𝑘 + 𝜏 : ∇𝑣 +
𝜕𝑝

𝜕𝑡
+ (𝑣∇)𝑝

(3.18)
Mass enthalpy h also can be presented as eq. 3.19:

ℎ𝑘 =
𝐶𝑝𝑘𝑇

𝑊
(3.19)

Terms 𝜏 : ∇𝑣 and (𝑣.∇)𝑝 can be neglected. Finally, we have the simplified equation of energy
conservation, Eq. 3.20

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝(𝑣.∇)𝑇 = ∇.(𝜆∇𝑇 )−

𝑁∑︁
𝑘=1

ℎ𝑘𝜔𝑘𝑊𝑘 +
𝜕𝑝0
𝜕𝑡

(3.20)

Ideal Gas Law is reordered and rewrite as eq. 3.21.

𝜌 =
𝑝𝑜𝑊

𝑅𝑇
(3.21)

Eq. 3.5, eq. 3.12, eq. 3.20, eq. 3.8 and eq. 3.21 are the equations to be solved by REGATH.
In the counterflow burner presented the flame geometry is cylindrical, because the nozzle

are round. So the equations can be rewrite in cylindrical coordinates, and became eq. 3.22, eq.
3.24, eq. 3.25 and eq. 3.26. Eq. 3.21 does not change because it does not depend on the problem
coordinates.

𝜕𝜌

𝜕𝑡
+

1

𝑟

𝜕(𝑟𝜌𝑢)

𝑟𝜕𝑟
+

𝜕(𝜌𝑣)

𝜕𝑧
= 0 (3.22)

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢

𝜕𝑢

𝜕𝑟
+ 𝑣

𝜕𝑢

𝜕𝑧
) = −𝜕𝑝

𝜕𝑟
+

1

𝑟

𝜕(𝑟𝜏𝜏𝜏 )

𝜕𝑟
− 1

𝑟
𝜏𝜃𝜃 +

𝜕𝜏𝑟𝑧
𝜕𝑧

(3.23)

𝜌
𝜕𝑣

𝜕𝑡
+ 𝜌(𝑢

𝜕𝑣

𝜕𝑟
+ 𝑣

𝜕𝑣

𝜕𝑧
) = −𝜕𝑝

𝜕𝑧
+

1

𝑟

𝜕(𝑟𝜏𝜏𝑧)

𝜕𝑟
+

𝜕𝜏𝑧𝑧
𝜕𝑧

(3.24)
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𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝(𝑢

𝜕𝑇

𝜕𝑟
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𝜕𝑝0
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𝜌
𝜕𝑌𝑘

𝜕𝑡
+ 𝜌(𝑢

𝜕𝑌𝑘

𝜕𝑟
+ 𝑣

𝜕𝑌𝑘

𝜕𝑧
) = −1

𝑟

𝜕(𝑟𝜌𝑌𝑘𝑉𝑘𝑟)

𝜕𝑧
++𝜔𝑘𝑊𝑘 (3.26)

𝑉𝑘𝑟 and 𝑉𝑘𝑧 are the radial and axial velocity components, respectively.
To reduce computational cost, the flow is considered unidimensional, and it’s properties are

analyzed only in the axial direction. Then, temperature and mass fraction of each specie are con-
sidered function only of axial distance z and time.

The radial pressure gradient presented in eq. 3.27 is considered constant.

𝐽 = −1

𝑟

𝜕𝑝

𝜕𝑟
(3.27)

Other mathematical relations are necessary beyond the basic equations: chemical production
rate (eq. 3.28), viscous stress tensor (eq. 3.30 ), heat flow (eq. 3.17 ); thermodynamic properties;
and transport coefficients as a function of state variables (eq. 3.31).

The chemical production rate equation is:

𝜔𝑘 =
𝐼∑︁

𝑖=1

(𝜈 ′′
𝑘𝑖𝑘𝑓𝑖

𝑁∏︁
𝑗=1

[𝑋𝑗]
𝜈′𝑗𝑖 − 𝜈 ′

𝑘𝑖𝑘𝑟𝑖

𝑁∏︁
𝑗=1

[𝑋𝑗]
𝜈′′𝑗𝑖) (3.28)

At 3.28 the subscript i is related to each reaction that is being evaluated. The subscript 𝑓
is used when the rate is evaluated in the forward direction, and the subscript r is used when it
is evaluated in reverse direction. 𝑘𝑓 𝑖 is forward reaction rate constant, calculated by Arrhenius
equation 3.1.

𝑘𝑓𝑖 and 𝑘𝑟𝑖 are related by eq. 3.29.

𝑘𝑓𝑖
𝑘𝑟𝑖

=

(︂
𝑃𝑎𝑡𝑚

𝑅𝑇

)︂∑︀𝑁
𝑗=1 𝜈𝑗𝑖

𝑒𝑥𝑝

(︂
𝛿𝑆0

𝑖

𝑅
− 𝛿𝐻0

𝑖

𝑅𝑇

)︂
(3.29)

𝑃𝑎𝑡𝑚 is atmospheric pressure, 𝜈𝑗𝑖 = 𝜈 ′′
𝑗𝑖 − 𝜈 ′

𝑗𝑖 ; 𝛿𝑆0
𝑖 is entropy difference between reagents

and products in standard conditions and 𝛿𝐻0
𝑖 is enthalpy difference between reagents and products

in standard conditions.
Viscous stress tensor is calculated by equation 3.30, considering a Newtonian fluid.

𝜏 = −𝜇
2

3
(∇.𝑣)𝐼 + 𝜇((∇𝑣) + (∇𝑣)𝑇 ) (3.30)
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𝜇 is dynamic viscosity.
Diffusion speed is approximate by 3.31. The last term is called correction speed and is added

to the equation to ensure mass conservation.

𝑉𝑘 =
1

𝑋𝑘𝑊

𝑁∑︁
𝑗=1,𝑗 ̸=𝑘

𝑊𝑗𝐷𝑘𝑗

(︂
∇𝑋𝑗 + (𝑋𝑗 + 𝑌𝑗)

1

𝑝
∇𝑝

)︂
− 𝐷𝑇

𝑘

𝜌𝑌𝑘𝑇
∇𝑇 (3.31)

3.2.2 Development of the new chemical kinetic model

A chemical kinetic model is a list of chemical reactions with its reactions rate constants,
transport and thermodynamic properties. There are different possible ways to develop a new chem-
ical kinetic model: it can be build analytically from the start, as described by Frenklach et al. (1992)
, by generating an list of elementary chemical reactions, determining reaction rates constants, and
comparing computational and experimental results. It can be build using a program, as described
in Chevalier et al. (1992). Or it can be build using previous developed models, by adding reactions
in order to be able describe more species combustion.

In the present work, a new chemical model was build by putting together 3 previous validated
literature chemical models. The steps of the development of the new model are described bellow:

1. Review of previous chemical kinetic models available in literature for the studied fuels.
The result of this step is summarized in Literature Review, in Tables 2.1 (n-decane) and 2.2
(ethanol) and 2.3 (methyl-decanoate) . Not all the papers present their developed model.

2. Evaluation of literature chemical kinetic models available in literature and choice of
which would be used to develop the new model. For n-decane, the model presented by
Marchal et al. (2009) was chosen primarily because it is able to predict satisfactorily the
combustion of n-decane and several other hydrocarbons that can be used as surrogate com-
ponents for oil fuels, such as n-heptane and toluene. It is also considerably simple, with 154
species and 850 reactions. For ethanol, the model presented by Marinov (1999) was chosen
because it was the most detailed ethanol model found in literature, but still not computational
expensive: it has 57 species and 387 reactions and has proved itself to be able to predict
experimental data. For methyl decanoate, the model developed by Seshadri et al. (2009),
with125 species and 713 reactions, was chosen due to its good results. Alviso (2013) added
some species and reactions to this model, in order to describe CO* and OH* behavior. This
modified model was used.

129 species and 741 reactions, was chosen due to its good results.
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3. Chemical kinetic models fusion and 1D validation. The fusion of the chemical kinetic
models was made by parts. The 3 models used are independent, but have common reactions
and species. The rate coefficients of empirical Arrhenius equation for the same reactions, and
the polynomial coefficients and the transport properties for the same species change between
models. So it is necessary to choose which ones should be used when species or reactions are
repeated. The model that prevails is called skeleton, the other one is the complimentary. The
fusion process is diagrammed in Figure 3.4.

Figure 3.4: Diagram of the fusion of models. Source: own elaboration.

The fusion processes follows the steps above:
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∘ Copy of all reactions from complimentary model to skeleton model;

∘ Identification of chemical reactions that are present in both schemes;

∘ Elimination of repeated chemical reactions: the repeated reactions of complimentary
model are deleted;

∘ Identification of missing species in skeleton model;

∘ Copy of non-repeated species and its thermodynamic and transport properties from
complimentary model to skeleton model;

∘ Simulation of developed model and comparison with literature laminar flame speed data
for different air/fuel ratios.

Three fusions were made. First, the n-decane model was merged with the ethanol model.
When the n-decane + ethanol model was properly validated, this intermediate model was
fusioned with the methyl decanoate model. The first two-models fusion was made twice:
first using n-decane model as skeleton and ethanol as complimentary; then changing places
- the ethanol model became skeleton and vice-versa. The model developed using ethanol as
skeleton showed better results comparing with literature data. The second fusion was made
only once, using the intermediate ethanol (skeleton) + decane (complimentary) model as
skeleton model and the methyl decanoate model as complimentary. The results found by this
fusion satisfactorily approached literature data. The validation was made comparing laminar
flame speed data predicted using a 1D premixed flame (Figure 3.2) with experimental and
computational laminar flame speed data available in literature for surrogates and target fuels.
Laminar flame speed is a fundamental flame property because it is a function of preheat
temperature, pressure and fuel composition; and its behavior reflects effects of diffusivity,
exothermicity and reactivity of the fuel (Hui and Sung, 2013). Table 3.6 summarizes the
experimental data from literature used to validate the developed model.

3.2.3 Numerical characterization of n-decane - ethanol - methyl decanoate blends
combustion

After the validation of the new chemical kinetic model developed, pure fuel combustion were
compared with the combustion of three samples studied in physicochemical characterization: sam-
ple 1, also called E10 (80% n-decane + 10% ethanol + 10% MD); sample 3, also called E20 (70%
n-decane + 20% ethanol + 10% MD); and sample 6, also called E30 (60% n-decane + 30% ethanol
+ 10% MD). 1D premixed flame configuration (Figure 3.2) was simulated to determine laminar
flame speed.
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Counterflow diffusion flame configuration (Figure 3.3) was simulated to determine flame
structure, flame speed, flame temperature and some species profiles: 𝑂2, 𝐻𝐶𝑂,𝐻2𝑂,𝐶𝑂 and
𝐶𝑂2. Besides the effect of ethanol and methyl decanoate addition, the influence of equivalence
ratio and injection velocity were studied as well. Pure n-decane and blends combustion were sim-
ulated at 5 different conditions of fuel-air equivalence ratio (𝜑, defined in equation 3.32) and ve-
locity: 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 3.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 5.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 4.0

and 𝑣 = 40𝑚/𝑠; 𝜑 = 4.0 and 𝑣 = 50𝑚/𝑠. Pure ethanol and pure methyl decanoate were simulated
only using 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠.

𝜑 =
𝑛𝑓𝑢𝑒𝑙/𝑛𝑎𝑖𝑟

(𝑛𝑓𝑢𝑒𝑙/𝑛𝑎𝑖𝑟)𝑠𝑡𝑒𝑐ℎ
(3.32)
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Table 3.3: Experimental data of laminar flame speed used to validate the developed model. Source: own elaboration

Fuel(s) Experiment Reference

n-decane A counterflow burner and a Laser Doppler Velocimetry
were used to perform the experiments and measure the
flow velocities at atmospheric pressure and T = 403K.

Ji et al. (2010)

n-decane and jet-A1 A counterflow twin-flame configuration was used to
measure the flame speed at T=400K, atmospheric pres-
sure.

Kumar and Sung
(2007); ?

n-decane and jet-A1 Flame speed was determined by linear extrapolation us-
ing data obtained in a counterflow configuration twin
flame, T= 400K and atmospheric pressure.

Hui et al. (2012)

n-decane A nearly constant pressure spherical combustion bomb
was used. Measurements were made at T=400K and at-
mospheric pressure

Kim et al. (2013)

n-decane A jet-wall apparatus was used for the measurements.
The geometry generates stable flames and allows precise
knowledge of the stagnation-point location and its as-
sociated boundary conditions. Heat loss can be neglect.
Temperature was 400K and the tests were made in atmo-
spheric pressure.

Munzar et al. (2013)

n-decane Laminar flame speed was measured in spherically ex-
panding premixed flames, T= 400K, atmospheric pres-
sure. Linear and non-linear extrapolation values were
compared.

Singh et al. (2011)
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n-decane Measures were made in a spherical bomb, that con-
sists of a spherical stainless steel vessel equipped with
quartz windows. Temperature was 403K and the tests
were made at initial pressure of 1 bar.

Comandini et al. (2015)

Ethanol A constant volume bomb was used to investigate laminar
flame speed of ethanol-gas mixtures, T=300K, P= 1atm.

Gulder (1982) apud
Marinov (1999)

Ethanol A constant volume combustion bomb was used to deter-
mine laminar flame speed. Measurements of spherically
expanding flames using schlieren photography technique
were made. Tests were made at T=358K, 1atm and ex-
trapoled to others temperatures.

Liao et al. (2007)

Methyl decanoate A counterflow configuration at atmospheric pressure was
used to determine laminar flame speed of methyl de-
canoate.

Wang et al. (2011)

Jet-A1, diesel, palm methyl esters (43.1%
methyl oleate, 39.5% methyl palmitate,
10.4% methyl linoleate and 5% methyl
stearate) and blends

The jet-wall stagnation flame configuration and particle
imaging velocimetry (PIV) technique were used to deter-
mine laminar flame speed at T=470K and P= 1atm

Chong and Hochgreb
(2011)
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4 RESULTS

4.1 Physicochemical characterization of the blends

4.1.1 Solubility tests

Solubility tests were made for two conditions: anhydrous ethanol and hydrated ethanol
(93.3 ± 0.4% ethanol +6.8 ± 0.4% water - mass fraction), as described in subsection 3.1.1. Ex-
act values of each component used can be found in Appendix A.

All the samples tested using anhydrous ethanol were monophasic at both temperatures (25∘𝐶
and 5∘𝐶). Phase behavior of samples tested using hydrated ethanol is presented in Figure 4.1.
The analysis was visual. The difference between monophasic blends (translucent) and biphasic or
multiphasic blends (cloudy) can be seen in Figure 4.2.

Figure 4.1: Solubility diagram of ternary n-decane + hydrated ethanol + methyl decanoate blends
for 𝑇 = 25∘𝐶 and 𝑇 = 5∘𝐶 (mass fraction). Blends at right side of the line were biphasic or
multiphasic (B); blends at left side of the line were monophasic (M). Source: Own Elaboration

Anhydrous ethanol solubility in n-decane is higher than anhydrous ethanol solubility in
diesel, as can be seen comparing experimental data results (total solubility) with the data presented
by Chotwichien et al. (2009) reproduced in Figure 2.9. N-decane’s chemical class (n-alkane) is
responsible for only a small fraction of diesel fuel (Pitz and Mueller, 2011), what explains this dif-
ference. The increase of the content of aromatics in diesel decreases ethanol solubility in it (Shahir
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Figure 4.2: Visual difference between 1) a monophasic blend (translucent) and 2) a biphasic or
multiphasic blend (cloudy). Source: Own Elaboration

et al., 2014).
The results found confirm the effect of water addition and temperature reduction in the blends:

both factors reduce solubility, and water addition affects solubility more than temperature reduction.
This result is relevant because Brazil uses hydrated ethanol as fuel in Otto cycle motors. Also, water
contamination is a problem that need to be avoided when anhydrous ethanol is blended with diesel
(Chotwichien et al., 2009; Lapuerta et al., 2007) or kerosene (Chen et al., 2014). It is important
to highlight that blends simulated in numerical combustion study are monophasic with anhydrous
ethanol (as simulated), but biphasic or multiphasic with hydrated ethanol at both temperatures.

Maximum solubility observed in blends using hydrated ethanol at 𝑇 = 25∘𝐶 was 10%
ethanol + 40% methyl decanoate in 50% n-decane. Reducing temperature to 𝑇 = 5∘𝐶, no blend
with 50% or more n-decane was monophasic.

4.1.2 Density test

Density test was performed in sample 1 (80% n-decane + 10% ethanol + 10% methyl de-
canoate, mass fraction, now identified as E10), sample 3 (70% n-decane + 20% ethanol + 10%
methyl decanoate, mass fraction, now identified as E20) and sample 6 (60% n-decane + 30%
ethanol + 10% methyl decanoate, mass fraction, now identified as E30) at 𝑇 = 20.00 ± 0.03∘𝐶,
𝑇 = 40.00 ± 0.03∘𝐶 and 𝑇 = 60.00 ± 0.03∘𝐶. Data obtained is presented is Figure 4.3. Exact
values of each component used can be found in Appendix A.

Figure 4.3 reveals that the addition of ethanol increases blend density, while the increase
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Figure 4.3: Densities of E10 (80% n-decane + 10% ethanol + 10% methyl decanoate, mass frac-
tion), E20 ((70% n-decane + 20% ethanol + 10% methyl decanoate, mass fraction) and E30
((60% n-decane + 30% ethanol + 10% methyl decanoate, mass fraction) at 𝑇 = 20.00 ± 0.03∘𝐶,
𝑇 = 40.00± 0.03∘𝐶 and 𝑇 = 60.00± 0.03∘𝐶. Source: Own Elaboration

of temperature decreases blend density. That behavior is coherent because ethanol is more dense
than n-decane and temperature decreases fluids density because mass is constant and the volume
increases. If the real fuels were studied, ethanol addition would be expected to decrease blends
density, as long as diesel and kerosene are more dense than n-decane.

4.1.3 Flash point tests

Flash point tests were performed in samples 7; 10; 12 and 22 (20% n-decane + 10% ethanol
+ 70% methyl decanoate, mass fraction). Exact values of each component used can be found in
Appendix A. Table 4.1 compares the flash point results found for samples with literature data for
pure fuels.

Results presented in Table 4.1 reveal that blends flash point are low and close to pure ethanol
flash point. This result is also seen in the real fuels, as presented in figure 2.13. The most ethanol
the blend has, the lowest is the flash point; but even small ethanol ratios drastically decreases this
property. Sample 10 has the biggest ethanol ratio and the lowest flash point. Sample 22 has only
10.84 ± 0.01% of ethanol and 69.18 ± 0.01% of methyl decanoate (mass fraction), and it’s flash
point is much smaller than methyl decanoate’s.
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Table 4.1: Comparison between measured flash points for the blends and literature data for pure
fuels. References: [1]Toxicology Data Network (2016); [2] NNOAA’s Ocean Service (2016);
[3]Sigma-Aldrich (2016). Source: own elaboration

Sample % n-decane % ethanol % methyl decanoate Flash point [∘𝐶]
N-decane 99% — — 46 [1]
Ethanol — 99.9% — 12.8 [2]

Methyl-decanoate — — ≥ 99% 110 [3]
7 49.94± 0.01 10.14± 0.01 39.92± 0.01 20.5± 0.1
10 49.78± 0.01 40.01± 0.01 10.21± 0.01 15.4± 0.1
12 40.09± 0.01 19.99± 0.01 39.92± 0.01 17.5± 0.1
22 19.97± 0.01 10.84± 0.01 69.18± 0.01 23.0± 0.5

4.2 Combustion characterization

4.2.1 Freely propagating flames

New Model development and validation

In order to be able to simulate n-decane-methyl decanoate-ethanol/air flames, species repre-
senting these three fuels must be present in a single model. The kinetic model proposed here is
designed from the original ethanol oxidation framework of Marinov (1999). This latter chemical
scheme is used as a starting base model. Then additional species found in kinetic scheme of Mar-
chal et al. (2009) (n-decane) and the corresponding reactions are added. For the common species,
reactions present in Marchal et al. (2009) model and not present in Marinov (1999) model are
also added. The reactions of Marchal et al. (2009) model that already were present in Marinov
(1999) model are neglected. Then, this combined ethanol/n-decane model was used as template.
Additional species found in kinetic scheme of Seshadri et al. (2009) modified by Alviso (2013)
(methyl decanoate) and the corresponding reactions are added. For the common species, reactions
present in Seshadri et al. (2009) modified by Alviso (2013) model and not present in the combined
ethanol/n-decane model are also added. The other reactions are neglected. Thus, the new combined
ethanol/n-decane/methyl decanoate scheme, consists of 258 species and 1586 elementary reactions.
This guarantees reproducing the principal features of the three fuels combustion characteristics.

The new developed model was validated comparing laminar flame speed data from experi-
mental works found in literature and presented in Table 3.6 with simulations using the New Model
and others chemical kinetic models from literature in the 1D premixed flame configuration pre-
sented in Figure 3.2. All data were measured or simulated in atmospheric pressure, using differ-
ent temperatures: Figure 4.4 compares pure n-decane data at T=400K. Figure 4.5 compares pure
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ethanol data at T=300K and T=358K. Figure 4.6 compares pure methyl decanoate data at T=400K.

Figure 4.4: Comparison between experimental data (no line points) and numerical data (solid and
dashed lines) of laminar flame speed of pure n-decane at T=400K. Source: Own Elaboration

Figure 4.5: Comparison between experimental data (no line points) and numerical data (solid and
dashed lines) of laminar flame speed of pure ethanol at T=300K and T=358K. Source: Own Elab-
oration

Figures 4.4, 4.5 and 4.6 reveal that the developed model has a good agreement with ex-
perimental laminar flame speed data of pure fuels. Ethanol model (Marinov, 1999) was used as
skeleton, so the simulation of the New Model was expected to be close to it, as observed in Fig-
ure 4.5. Figures 4.4 and 4.6 reveal that the New Model simulated data is closer to experimental
data than the models used as complimentary - Decane model (Marchal et al., 2009) and Methyl
decanoate model Seshadri et al. (2009) modified by Alviso (2013) - and other decane model found
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Figure 4.6: Comparison between experimental data (no line points) and numerical data (solid and
dashed lines) of laminar flame speed of pure methyl decanoate at T=400K. Source: Own Elabora-
tion

in literature (Chang et al., 2013). The New Model is validated for the studied fuels, and it can be
used to predict combustion properties of their blends.

There was not found in literature any study of laminar flame speed of n-decane + ethanol +
methyl decanoate blends.

Comparison between laminar flame speed of surrogates and target fuels

After the model validation for the studied fuels, laminar flame speeds of surrogates were
simulated and compared with target fuels experimental data found in literature (Table 3.6) using
1D premixed flame configuration presented in Figure 3.2.

Figure 4.7 compares n-decane simulated data using the New Model with experimental data
of diesel (Chong and Hochgreb, 2011) and kerosene Jet A1 (Chong and Hochgreb, 2011; Kumar
et al., 2011; Hui et al., 2012) at T=470 K and atmospheric pressure. It reveals that for lean or
stoichiometric equivalence ratios (𝜑 ≤ 1) laminar flame speed of n-decane approaches signifi-
cantly to both diesel and kerosene. When equivalence ratio increases, diesel laminar flame speed
becomes higher than n-decane’s and the surrogate behavior approaches to kerosene behavior only.
This result is consistent with studies found in literature that use n-decane as the main component
of diesel’s surrogate but add an aromatic compound to get closer to real fuel behavior, because
pure n-decane do not match it properly (Barths et al., 1999, 2000; Ramirez L et al., 2010; Wang
et al., 2010). Results also agrees with studies that use pure n-decane as kerosene surrogate (Dagaut
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et al., 1994, 1995; Cathormet et al., 1999; Lindstedt and Maurice, 2000). Adding more compo-
nents to surrogate composition can improve the similarities between surrogate and target fuel, but
also increase computational cost of simulations, because more chemical reactions are necessary to
describe combustion.

Figure 4.7: Comparison between laminar flame speed of n-decane (simulated), diesel (experimen-
tal) and kerosene Jet A1 (experimental) at T=470K and P=1atm. Source: Own Elaboration

Figure 4.8 compares laminar flame speed simulated for pure methyl decanoate with laminar
flame speed of biodiesel (palm methyl ester) experimentally found by Chong and Hochgreb (2011)
at T=470 K and P=1 atm. Methyl decanoate laminar flame speed approaches a little to biodiesel
laminar flame speed, suggesting that more tests are necessary to validate if methyl decanoate is an
adequate surrogate to biodiesel. It is important to remember that biodiesel’s composition changes
depending on the vegetable chosen, where it was produced and the legislation of each country.
Other studies have used methyl decanoate as an appropriate biodiesel surrogate, as can be seen in
Alviso (2013) and references therein.

Figure 4.9 compares laminar flame speed simulated for pure n-decane, pure methyl decanoate
and blends of these species with laminar flame speed for biodiesel (palm methyl ester) and diesel
and biodiesel and kerosene experimentally found by Chong and Hochgreb (2011) at T=470K and
P=1atm. Methyl decanoate and decane have a similar chemical composition and its laminar flame
speed are really close, so the addition of methyl decanoate in n-decane do not significantly affects
the laminar flame speed. Differences between those fuels flame speeds can be seen only in richer
equivalence ratios (𝜑 ≥ 1.3), when methyl decanoate laminar flame speed stars to be slightly higher
than n-decane laminar flame speed. Blends simulation approached real data only when 𝜑 ≤ 1.1,
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Figure 4.8: Comparison between simulated laminar flame speed of pure methyl decanoate with
experimental data from Chong and Hochgreb (2011) of laminar flame speed of biodiesel at T=470K
and P=1atm. Source: Own Elaboration

what can be explained by the difference observed between surrogates and target fuels.

Figure 4.9: Comparison between simulated laminar flame speed of pure n-decane, pure methyl
decanoate and blends with 10% methyl decanoate (MD10), 20% methyl decanoate (MD20) and
50% methyl decanoate (MD50) (vol) with experimental data from Chong and Hochgreb (2011) of
laminar flame speed of blends with 10% biodiesel + 90% diesel (B10D), 20% biodiesel + 80%
diesel (B20D), 50% biodiesel + 50% diesel (B50D), 10% biodiesel + 90% kerosene (B10K), 20%
biodiesel + 80% kerosene (B20K) and 50% biodiesel + 50% kerosene (B50K) (vol) at T=470K and
P=1atm. Source: Own Elaboration
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There was not found in literature any study of laminar flame speed of diesel + ethanol,
kerosene + ethanol, biodiesel + ethanol, diesel + ethanol + biodiesel nor kerosene + ethanol +
biodiesel.

Comparison between laminar flame speed of blends and pure fuels

Three blends studied in physicochemical characterization were chosen to be studied in the
final part of the present work: E10 (80% n-decane + 10% ethanol + 10% MD, weight basis), E20
(70% n-decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30% ethanol
+ 10% MD, weight basis). All data presented in this section were simulated using the New Model
developed and, even thought the model has been validate using experimental literature data for pure
fuels, it is still necessary to experimentally validate it for the blends, which we suggest as a future
work.

Figure 4.10 presents laminar flame speed of pure fuels and blends E10, E20 and E30 simu-
lated at T=300K, P=1atm. It reveals that the addition of ethanol up to 30% in weigth basis do not
change significantly n-decane laminar flame speed.

Figure 4.10: Comparison between simulated laminar flame speed of pure n-decane, pure ethanol,
pure methyl decanoate and blends E10 (80% n-decane + 10% ethanol + 10% MD, weight basis),
E20 (70% n-decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30%
ethanol + 10% MD, weight basis) at T=300K, P=1atm. Source: Own Elaboration

4.2.2 Counterflow diffusion flames

The combustion of blends E10, E20 and E30 were also simulated using counterflow config-
uration and compared with pure n-decane, pure ethanol and pure methyl decanoate. Comparisons
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between blends and pure n-decane were made in five different operations conditions (𝜑 = 4.0 and
𝑣 = 30𝑚/𝑠; 𝜑 = 3.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 5.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 4.0 and 𝑣 = 40𝑚/𝑠;
𝜑 = 4.0 and 𝑣 = 50𝑚/𝑠). Ethanol and methyl decanoate were simulated only at 𝜑 = 4.0 and
𝑣 = 30𝑚/𝑠. The results of these simulations are presented in this section. Some simulations results
were the same for different operation conditions or for different blends. In this case, only one graph
is presented, and the similarity is explained in the text.

Figure 4.11 presents n-decane flame structure and temperature at different equivalence ratios
and different injection speeds. The flame stabilizes at same point for all conditions. The increase
of equivalence ratio increases maximum temperature. Changing the injection speed do not signifi-
cantly affect this parameter. This behavior was observed in studied blends as well.

Figure 4.12 presents pure ethanol and pure methyl decanoate flame structure and temperature
at equivalence ratio 𝜑 = 4.0 and injection velocity at both left and right sides 𝑣 = 30𝑚/𝑠 in a coun-
terflow diffusion flame configuration. Ethanol molecule is lighter than methyl decanaote molecule
(see Table 2.4), so ethanol mass fraction is higher then methyl decanaote mass fraction for the same
equivalence ratio. In a counteflow diffusion configuration, the flame stabilizes at the stoichiometric
condition. The flame position is almost constant in all simulated conditions. Ethanol and methyl
decanoate maximum temperature are close, and smaller then n-decane maximum temperature.

Figure 4.13 presents blends flame structure and temperature at 𝜑 = 4.0 and injection velocity
𝑣 = 30𝑚/𝑠. Blends maximum temperature are close to each other and close to n-decane’s, reveal-
ing that the addition of ethanol and methyl decanoate do not change this parameter. Changes in
equivalence ratio and injection speed have the same effect in the blends and in pure n-decane.

Figure 4.14 presents n-decane axial velocity and 𝐻2𝑂 profile at different equivalence ratios
and different injection speeds. The point 𝑣 = 0𝑚/𝑠 is the stagnation point. The axial velocity
profile depends on the injection velocity at both sides, and there is an acceleration and deceleration
of the gas when approaching to the reaction zone. This behavior was observed in blends as well.
𝐻2𝑂 is a main product of combustion and its profile is very similar to that of temperature. The fact
that its profile do not change significantly with the increase of equivalence ratio indicates that the
extra fuel is producing other compounds.

Figure 4.15 presents pure ethanol and pure methyl decanoate axial velocities and 𝐻2𝑂 profile
at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Velocity profiles are similar. Ethanol produces more water then methyl
decanoate because, for the same equivalence ratio, ethanol mass fraction is higher than methyl
decanoate mass fraction in a mixture. Besides, hydrogen ratio is higher in ethanol than in methyl
decanoate.

Figure 4.16 presents blends axial velocity and 𝐻2𝑂 profile at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. The
profiles are very similar. The addition of ethanol slightly increases 𝐻2𝑂 production.
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Figure 4.11: N-decane flame structure and temperature at different equivalence ratios and different
injection speeds. Source: Own Elaboration

Figure 4.17 presents n-decane, 𝑂2 and 𝐻𝐶𝑂 profiles at different equivalence ratios and dif-
ferent injection speeds. 𝑂2 in consumed in combustion and its initial mass fraction varies with the
equivalence ratio. 𝐻𝐶𝑂 is an indicator of flame front, revealing if the stoichiometric position varies
with the operating conditions. In addition, its thickness reveals if the flame is more or less stretched
(smaller thickness means more stretched flames). 𝐻𝐶𝑂 mass fraction decreases with the increase
of equivalence ratio and increases with the increase of injection speed.

Figure 4.18 presents pure ethanol and pure methyl decanoate 𝑂2 and 𝐻𝐶𝑂 profiles at 𝜑 = 4.0



67

Figure 4.12: Pure ethanol and pure methyl decanoate flame structure and temperature at 𝜑 = 4.0
and 𝑣 = 30𝑚/𝑠. Source: Own Elaboration

Figure 4.13: Blends E10 (80% n-decane + 10% ethanol + 10% MD, weight basis), E20 (70% n-
decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30% ethanol + 10%
MD, weight basis) flame structure and temperature at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Source: Own
Elaboration
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Figure 4.14: N-decane axial velocity and 𝐻2𝑂 profile at different equivalence ratios and different
injection speeds. Source: Own Elaboration

and 𝑣 = 30𝑚/𝑠. HCO profile is wider in ethanol flame than in n-decane flame, indicating that
ethanol flame is less stretched than methyl decanoate flame.

Figure 4.19 presents blends. 𝑂2 and 𝐻𝐶𝑂 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. They are very
similar to each other and to the profiles observed in n-decane, revealing that the addition of ethanol
and methyl decanaote do not affect these profiles.

Figure 4.20 presents n-decane 𝐶𝑂 and 𝐶𝑂2 profiles at different equivalence ratios and differ-
ent injection speeds. Both compounds are products of combustion and air pollutants. The increase
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Figure 4.15: Pure ethanol and pure methyl decanoate axial velocity and 𝐻2𝑂 profile at 𝜑 = 4.0 and
𝑣 = 30𝑚/𝑠. Source: Own Elaboration

Figure 4.16: Blends E10 (80% n-decane + 10% ethanol + 10% MD, weight basis), E20 (70% n-
decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30% ethanol + 10%
MD, weight basis) axial velocity and 𝐻2𝑂 profile at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Source: Own
Elaboration
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Figure 4.17: N-decane 𝑂2 and 𝐻𝐶𝑂 profiles at different equivalence ratios and different injection
speeds. Source: Own Elaboration

of equivalence ratio increases 𝐶𝑂 production, but do not affects significantly 𝐶𝑂2 production, what
can be justified by the fact that 𝐶𝑂2 is a product of complete combustion and 𝐶𝑂, of incomplete.
In a rich mixture, there is no sufficient air to completely burn all the fuel.

Figure 4.21 presents pure ethanol and pure methyl decanoate 𝐶𝑂 and 𝐶𝑂2 profiles at 𝜑 = 4.0

and 𝑣 = 30𝑚/𝑠. Profiles are similar. 𝐶𝑂 production of ethanol is higher then 𝐶𝑂 production of
methyl decanoate because ethanol mass fraction is higher than methyl decanoate mass fraction in
mixtures with the same equivalence ratio.
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Figure 4.18: N-decane 𝑂2 and 𝐻𝐶𝑂 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠s. Source: Own Elaboration

Figure 4.19: Blends E10 (80% n-decane + 10% ethanol + 10% MD, weight basis), E20 (70% n-
decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30% ethanol + 10%
MD, weight basis) 𝑂2 and 𝐻𝐶𝑂 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Source: Own Elaboration

Figure 4.22 presents blends 𝐶𝑂 and 𝐶𝑂2 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. The profiles
are almost the same. 𝐶𝑂 is one of the pollutants which production is reduced by the addition of
ethanol in diesel (Miraglia, 2007). This behavior was not observed in n-decane, suggesting that
another component need to be added to it to reproduce target fuel behavior. Ramirez L et al. (2010)
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Figure 4.20: N-decane 𝐶𝑂 and 𝐶𝑂2 profiles at different equivalence ratios and different injection
speeds. Source: Own Elaboration

reveled that IDEA fuel and diesel had similar 𝐶𝑂 profiles in a higher pressure (10atm) and smaller
equivalence ratios (from 0.25 to 1.5).

Finally, the effect of the addition of ethanol and methyl decanoate in formation of aldehy-
des (acetaldehyde, 𝐶𝐻3𝐶𝐻𝑂 and formaldeyde, 𝐶𝐻2𝑂) and one carboxylic acid (formic acid,
𝐻𝐶𝑂𝑂𝐶) were studied. Figure 4.23 presents 𝐶𝐻3𝐶𝐻𝑂, 𝐶𝐻2𝑂 and 𝐻𝐶𝑂𝑂𝐶 profiles for pure
n-decane, pure ethanol, pure metyhl decanoate and samples E10, E20 and E30 at 𝜑 = 4.0 and
𝑣 = 30𝑚/𝑠. It reveals that n-decane production of 𝐶𝐻3𝐶𝐻𝑂, 𝐶𝐻2𝑂 and 𝐻𝐶𝑂𝑂𝐶 is small.
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Figure 4.21: N-decane 𝐶𝑂 and 𝐶𝑂2 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠s. Source: Own Elaboration

Figure 4.22: Blends E10 (80% n-decane + 10% ethanol + 10% MD, weight basis), E20 (70% n-
decane + 20% ethanol + 10% MD, weight basis) and E30 (60% n-decane + 30% ethanol + 10%
MD, weight basis) 𝐶𝑂 and 𝐶𝑂2 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Source: Own Elaboration

Pure ethanol produces more formic acid; pure methyl decanoate produces more acetaldehyde and
both ethanol and methyl decanoate produce formaldeyde.The production of 𝐶𝐻3𝐶𝐻𝑂, 𝐶𝐻2𝑂

and 𝐻𝐶𝑂𝑂𝐶 in samples is proportional to the ratio of ethanol and methyl decanoate in then. This
information is relevant because these compounds can cause damages to health, but in Brazil aldehy-
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Figure 4.23: Pure n-decane, pure ethanol, pure metyhl decanoate and blends E10 (80% n-decane
+ 10% ethanol + 10% MD, weight basis), E20 (70% n-decane + 20% ethanol + 10% MD, weight
basis) and E30 (60% n-decane + 30% ethanol + 10% MD, weight basis) 𝐶𝐻3𝐶𝐻𝑂, 𝐶𝐻2𝑂 and
𝐻𝐶𝑂𝑂𝐶 profiles at 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Source: Own Elaboration

des emissions are regulated for Otto cycle motors only (Elpidio Neto, 2009). No study comparing
the emissions of this compounds in diesel or kerosene and n-decane in the same work conditions
was found in literature, so it is not possible to determine if the surrogate behavior is similar to the
target fuel behavior, which we suggest to a future work. It is also important to study the formation
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of other pollutants that are not represented in the New Model, such as 𝑁𝑂 and 𝑁𝑂𝑥.
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5 CONCLUSIONS AND FUTURE WORKS PERSPECTIVES

5.1 Conclusions

The objective of this work was to unveil some physicochemical and combustion characteris-
tics of blends of three pure fuels: n-decane (presented in literature as a kerosene surrogate, or as
the main component of diesel surrogates), ethanol and methyl decanoate (presented in literature
as a biodiesel surrogate). In the first part of this work (physicochemical characterization), blends
solubility and density were studied. In the second part (numerical combustion characterization), a
new chemical kinetic model was developed and validated, and then used to obtain some combustion
characteristics.

Solubility tests were made for blends from 80% n-decane + 10% ethanol + 10% methyl de-
canoate up to 10% n-decane + 80% ethanol + 10% methyl decanoate and 10% n-decane + 10%
ethanol + 80% methyl decanoate ,weight basis, 10% step. Two types of ethanol were used: anhy-
drous ethanol (99.9% pure) and hydrated ethanol (94.5± 0.4% ethanol +5.5± 0.4% water in volu-
metric fraction at SCTP). Two temperatures were studied: 𝑇1 = 25.0±0.1∘𝐶 and 𝑇2 = 5.0±0.1∘𝐶.
The effects of temperature decrease and water addition in surrogates blends solubility were similar
to the effects reported in real fuels at literature (Chotwichien et al., 2009; Lapuerta et al., 2007;
Chen et al., 2014), but ethanol solubility in surrogate is higher than ethanol solubility in real fuels.
All the blends tested using anhydrous ethanol were stable in both temperatures. The addition of wa-
ter drastically decreased solubility: maximum solubility observed in blends using hydrated ethanol
at 𝑇 = 25∘𝐶 was 10% ethanol + 40% methyl decanoate in 50% n-decane. Reducing temperature
to 𝑇 = 5∘𝐶, no blend with 50% or more n-decane was stable.

Density tests were made for blends E10 (80% n-decane + 10% ethanol + 10% methyl de-
canoate, weight basis), E20 (70% n-decane + 20% ethanol + 10% methyl decanoate, weight basis)
and E30 (60% n-decane + 30% ethanol + 10% methyl decanoate, weight basis). Those samples
were chosen because they have the biggest proportions of n-decane and a constant proportion of
methyl decanoate, what makes them more similar to real possibilities of combinations of real fuels.
N-decane is less dense than diesel, kerosene and ethanol, so the effect of the addition of ethanol in
the surrogate was opposite to the effect observed in real fuels: E10 was more dense than E20, that
was more dense than E30. Three temperatures were tested: 20.00 ± 0.03∘𝐶, 40.00 ± 0.03∘𝐶 and
60.00± 0.03∘𝐶. The increase of temperature decreased densities.

The numerical part of this work was developed using REGATH, a numerical package written
mainly in FORTRAN that uses Finite Difference Method and Newton Method to solve combustion
problems.
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The new chemical kinetic model was developed by the combination of models found in liter-
ature for the studied fuels. The development process consisted in the review of previous chemical
kinetic models available in literature for the studied fuels; evaluation of literature chemical kinetic
models available in literature and choice of which would be used to develop the new model; and
chemical kinetic models fusion and 1D validation. The models chosen were: n-decane model pre-
sented by Marchal et al. (2009), that have 154 species and 850 reactions; ethanol model presented
by Marinov (1999), that have 57 species and 387 reactions; and methyl decanoate model presented
by Seshadri et al. (2009) modified by Alviso (2013), that have 129 species and 741 reactions.
Ethanol model was used as skeleton and n-decane model was used as complimentary in an inter-
mediate chemical kinetic model. Then, this intermediate model was used as skeleton and methyl
decanoate model was used as complimentary. The New Model developed has 258 species and 1586
reactions.

Laminar flame speed was the parameter chosen to validate the New Model. A 1D premixed
freely propagating flame was simulated at atmospheric pressure and different temperatures and
different equivalence ratios. Simulation results were compared with experimental data found in
literature and simulations using the original models. The New Model simulation was closer to
experimental data than the original models for n-decane (𝑇 = 400𝐾, 0.8 ≤ 𝜑 ≤ 1.4) and methyl
decanoate simulations (𝑇 = 400𝐾, 0.7 ≤ 𝜑 ≤ 1.4). For ethanol (used as New Model skeleton),
New Model simulations data were close both to the original model simulation and the experimental
data found in literature (𝑇 = 300𝐾 and 358𝐾, 0.7 ≤ 𝜑 ≤ 1.4).

After validating the model, laminar flame speed simulated for surrogates was compared with
experimental laminar flame speed data of real fuels found in literature at T=470K, atmospheric
pressure. N-decane reproduces both diesel and kerosene behavior when 0.7 ≤ 𝜑 ≤ 1. When the
equivalence ratio increases, diesel laminar flame speed get away from n-decane. Kerosene lami-
nar flame speed is close to n-decane flame speed up to the maximum equivalence ratio simulated,
𝜑 ≤ 1.5. Those result agree with literature works that use n-decane as a kerosene surrogate; and
add other compounds to it in order to reproduce diesel behavior. Methyl decanoate simulation ap-
proached little biodiesel experimental data, suggesting that more experimental works are necessary
to validate methyl decanoate as an adequate surrogate for biodiesel. Blends of n-decane and methyl
decanoate were compared with blends of diesel and biodiesel and kerosene and biodiesel. Results
were close only when 0.7 ≤ 𝜑 ≤ 1.1. Differences probably occurs because n-decane and methyl
decanoate laminar flame speeds are close to each other and methyl decanoate laminar flame speed
do not reproduce biodiesel behavior.

The final part of the work was the use of the New Model to unveil some combustion proper-
ties. Samples E10, E20 and E30 were compared with pure fuels. 1D premixed flame was simulated
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to predict laminar flame speed of the blends at T=300K, atmospheric pressure. Blends results are
close to pure decane. The counterflow configuration was simulated at different injection velocities
and equivalence ratios for n-decane and blends (𝜑 = 3.0 and 𝑣 = 30𝑚/𝑠; 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠;
𝜑 = 4.0 and 𝑣 = 40𝑚/𝑠; 𝜑 = 4.0 and 𝑣 = 50𝑚/𝑠; 𝜑 = 5.0 and 𝑣 = 30𝑚/𝑠). Pure ethanol and
pure methyl decanaote were simulated only in 𝜑 = 4.0 and 𝑣 = 30𝑚/𝑠. Flame profiles, tempera-
ture profiles, axial velocities profiles and 𝑂2, 𝐻𝐶𝑂, 𝐻2𝑂, 𝑂2, 𝐶𝑂, 𝐶𝑂2, 𝐶𝐻3𝐶𝐻𝑂, 𝐶𝐻2𝑂 and
𝐻𝐶𝑂𝑂𝐶 profiles were analyzed. The flame stabilizes at same point for all conditions. The increase
of equivalence ratio increases maximum flame temperature and the generation of some combustion
products for both n-decane and blends: 𝐶𝑂, 𝐻𝐶𝑂𝑂𝐶. In blends, 𝐶𝐻2𝑂 and 𝐶𝐻3𝐶𝐻𝑂 pro-
duction also increases with the increase of equivalence ratio. 𝐻2𝑂 and 𝐶𝑂2 are total combustion
products, but their generation do not varies with equivalence ratio. This indicates that the extra
carbons and hydrogen are producing other compounds. The increase of injection speed changes
maximum axial velocity, but not change the velocity profile. Blends maximum temperature, veloc-
ity profile, 𝐻𝐶𝑂, 𝐶𝑂 and 𝐶𝑂2 profile were the same observed for n-decane at same equivalence
ratio and injection velocity.The addition of ethanol slightly increases 𝐻2𝑂 production. The addition
of ethanol increases 𝐻𝐶𝑂𝑂𝐶 formation. Methyl decanoate increases 𝐶𝐻3𝐶𝐻𝑂 production and
both ethanol and methyl decanoate increase 𝐶𝐻2𝑂 production.

5.2 Future work perspectives

The development of a surrogate that properly describes blends of fossil fuels and biofuels
combustion is a fascinating challenge that this work started to solve. It was able to find some
important answers, but there are much more open questions in the subject. Some suggestions for
future works are:

∘ To measure others physicochemical properties of the blends, such as viscosity, flash point
and cetane number;

∘ Experimentally validate the developed model by measuring laminar flame speed of simulated
fuels in simulated conditions (premixed flame and diffusion flame). Other parameters can be
used to the validation as well, such as species profiles and ignition time;

∘ To measure other types of biodiesel (specially Brazilian biodiesel) laminar flame speed, in
order to compare this data with methyl decanoate laminar flame speed and confirm its ability
to reproduce real fuel behavior;

∘ To add more pure components to the surrogate, in order to reproduce pure diesel and diesel
blends physicochemical properties and combustion characteristics;
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∘ To add 𝑁𝑂 and 𝑁𝑂𝑥 reactions to th model, in order to predict the formation of those pollu-
tants;

∘ To reduce the model, in order to obtain a model that could be used in numerical simulation
of combustion systems.
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APPENDIX A – Samples used in experimental tests

Table A.1: Blends used in solubility tests with anhydrous ethanol. Source: own elaboration

Mass [±0.0001𝑔] % Weight basis
Sample N-decane Ethanol Methyl decanoate N-decane Ethanol Methyl decanoate

1 3.2150 0.4143 0.4109 79.6 10.3 10.2
9 2.0311 1.2021 0.8217 52.9 29.4 17.7
17 1.2067 0,8144 2.0120 29.9 20.2 49.9
20 1.2076 2.0051 0.8034 30.1 49.9 20.0
29 0.4051 0.4033 3.2040 10.1 10.1 79.9
36 0.4019 3.2064 0.4205 10.0 79.6 10.4
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Table A.2: Blends used in solubility tests with hidrated ethanol. Source: own elaboration

Mass [±0.0001𝑔] % Weight basis
Sample N-decane Ethanol Methyl decanoate N-decane Ethanol Methyl decanoate

1 3.2824 0.4281 0.4141 79.6 10.4 10.0
2 2.7938 0.4016 0.8002 69.9 10.1 20.0
3 2.8299 0.8148 0.4049 69.9 20.1 10.0
4 2.4012 0.4131 1.2162 59.6 10.2 30.2
5 2.4308 0.8549 0.8159 59.3 20.8 19.9
6 2.4522 1.3213 0.4554 58.0 31.2 10.8
7 2.0360 0.4210 1.6409 49.7 10.3 40.0
8 2.0592 0.8068 1.2114 50.5 19.8 29.7
9 2.0753 1.2189 0.8782 49.7 29.2 21.0
10 2.0212 1.7150 0.4414 48.4 41.1 10.6
11 1.6174 0.4080 2.0185 40.0 10.1 49.9
12 1.6840 0.8446 1.6575 40.2 20.2 39.6
13 1.6133 1.2094 1.2124 40.0 30.0 30.0
14 1.6408 1.6196 0.8615 39.8 39.3 20.9
15 1.6246 2.0362 0.4056 40.0 50.1 10.0
16 1.2301 0.4465 2.4157 30.1 10.9 59.0
17 1.2002 0.8159 2.0366 29.6 20.1 50.3
18 1.2336 1.3233 1.6988 29.0 31.1 39.9
19 1.2498 1.6466 1.2538 30.1 39.7 30.2
20 1.2343 2.0040 0.8132 30.5 49.5 20.1
21 1.2239 2.4310 0.4472 29.8 59.3 10.9
22 0.8266 0.4282 2.8392 20.2 10.5 69.4
23 0.8307 0.8052 2.4625 20.3 19.6 60.1
24 0.8174 1.2218 2.0587 19.9 29.8 50.2
25 0.8294 1.6331 1.6025 20.4 40.2 39.4
26 0.8386 2.0283 1.2577 20.3 49.2 30.5
27 0.8392 2.4401 0.8421 20.4 59.2 20.4
28 0.8285 2.8114 0.4184 20.4 69.3 10.3
29 0.4420 0.4674 3.2348 10.7 11.3 78.1
30 0.4425 0.8281 2.8530 10.7 20.1 69.2
31 0.4418 1.2891 2.4299 10.6 31.0 58.4
32 0.4115 1.6020 2.0692 10.1 39.2 50.7
33 0.4116 2.0500 1.6064 10.1 50.4 39.5
34 0.4377 2.4210 1.2494 10.7 58.9 30.4
35 0.4112 2.8771 0.8353 10.0 69.8 20.3
36 0.4458 3.3097 0.4615 10.6 78.5 10.9
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Table A.3: Blends used in density test. Source: own elaboration

Mass [±0.0001𝑔] % Weight basis
Sample N-decane Ethanol Methyl decanoate N-decane Ethanol Methyl decanoate

1 24.0067 3.0049 3.0166 79.9 10.0 10.0
3 21.0013 6.0283 3.0052 69.9 20.1 10.0
6 18.0052 9.0109 3.0045 60.0 30.0 10.0

Table A.4: Blends used in flash point test. Source: own elaboration

Mass [±0.0001𝑔] % Weight basis
Sample N-decane Ethanol Methyl decanoate N-decane Ethanol Methyl decanoate

7 2.0030 0.4068 1.6009 49.9 10.1 39.9
10 2.0036 1.6104 0.4110 49.8 40.0 10.2
12 1.6079 1.6012 1.6012 40.1 20.0 39.9
22 0.8196 0.4450 2.8391 20.0 10.8 69.2
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