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Resumo

O álcool n-butanol é uma substância orgânica que tem sido proposta como com-

bustível alternativo para motores à combustão interna. Melhorias em seu processo de produção

como biocombustível, por meio de processos de fermentação ABE, a partir da biomassa,

chamam a atenção para sua sustentabilidade econômica e ambiental; por outro lado, suas carac-

terísticas físico-químicas e de queima, próximas à da gasolina e do diesel comerciais, sugerem

seu uso combinado ou como substituto dos mesmos. Apesar disso, ainda se sabe pouco acerca

das características de sua combustão, motivando a pesquisa na área. O etanol, por sua vez, é um

biocombustível extensamente utilizado em motores de ciclo Otto, principalmente no Brasil e

nos Estados Unidos, sendo produzido por processos eficientes de fermentação, inclusive como

subproduto da produção de butanol no processo ABE; por suas características físico-químicas,

de produção e queima, propõe-se que seja misturado ao n-butanol em aplicações comerciais. O

presente estudo compara esquemas de cinética química da queima em ar de n-butanol e etanol,

entre si e em relação a dados experimentais disponíveis na literatura, por meio da simulação

de chama laminar unidimensional pré-misturada no pacote REGATH (EM2C/CNRS - França).

Em seguida, um novo esquema combinado é desenvolvido, que apresenta boa concordância

com resultados experimentais da literatura para ambos os combustíveis nessas condições. Por

fim, são levantadas curvas características da chama de misturas entre os compostos em diversas

proporções, que poderão ser comparadas com dados experimentais em futuros trabalhos.

Palavras-chave: Combustão, Cinética Química, Etanol, Butanol.



Abstract

The alcohol n-butanol is an organic substance being proposed as an alternative fuel

for internal combustion engines. Improvements in its production as a biofuel, through ABE

fermentation processes, grow attention for its economic and environmental sustainability; on

the other hand, its physicochemical and burning characteristics, close to those of commercial

gasoline and diesel, suggest its usage as an additive or a substitute fuel. However, relatively

few is known about its combustion characteristics, thus motivating research in that area.

Ethanol, instead, is a biofuel widely used in Otto engines, especially in Brazil and the United

States, being produced by efficient fermentation processes, and is occasionally a by-product

of the butanol formation (ABE process); due to its physicochemical, burning and production

characteristics, the addition of this fuel to butanol in commercial applications is proposed.

The present study compares chemical kinetic schemes for the burning on air of n-butanol

and ethanol, between each other and against experimental data available in the literatures,

through simulations in one-dimensional premixed flame configuration in the REGATH package

(EM2C/CNRS - France). Further, a new combined scheme is developed, presenting good

agreement with experimental results from the literature for both fuels in these conditions. In the

end, theoretical data for the flame of mixtures between these substances is raised, in different

blending proportions, which might be compared with results from experiments to be run in

future projects.

Keywords: Combustion, Chemical Kinetics, Ethanol, Butanol.
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1 INTRODUCTION

Biofuels are defined as flammable substances in some way derived from biomass,

used to generate energy through their combustion (Jin et al., 2011). In this category can be in-

cluded any fuel produced from seeds, fruits, bagasse or any other biological sources. They can

be considered renewable, which means their sources can be renewed in a human-life scale (El-

labban et al., 2014). It is also interesting from the point of view of greenhouse effect emissions,

considering that a great part of the 𝐶𝑂2 emitted is captured in the feedstock production process.

They are considered as some of the most promising energy sources for the future, specially, but

not limited to, transportation purposes. Uncertainties related to the availability of petrol reser-

ves, prices fluctuations related to political and economical instabilities, as well as the interest in

reducing greenhouse gases emissions drive attention to this field.

According to the Key World Energy Statistics 2015 (IEA, 2015), 81.4% of the global

primary energy supply comes from fossil fuels, specially those derived from petrol, responsible

for 31.1% of the total amount. 63.8% of the petrol consumed worldwide is used in transpor-

tation, and its products are responsible for 92.6% of the total energy consumed by vehicles,

attesting the extreme dependency to this source. Biofuels, on the other hand, represent only

2.5% of the total, fraction that might rise depending on the developments in the production and

burning technologies, as well as their commercial application. Considering only 𝐶𝑂2 emissi-

ons, the most important greenhouse effect gas, petrol-derived fuels are responsible for 33.6% of

the global number, fraction only lower than that of coal. Biofuels, despite producing 𝐶𝑂2 when

burned, recapture that amount in the production process, being consumed during the plants’

growth.

Brazil is one of the leaders in the development and usage of biofuels. Historically, it

was the first to use bioethanol at commercial level, during the 1970’s oil crisis. The ProAlcool, or

Programa Nacional do Álcool (National Alcohol Program), was established in order to prevent a

slow down effect on energy consumption and, consequently, in the economy (Rosillo-Calle and

Cortez, 1998). From then to now, about 80% of the vehicles in use in Brazil run blends between

ethanol and gasoline, being mandatory for commercial gasoline to be sold with a minimum

of about 20% of alcohol in volume, in a rate defined by governmental policies. A great part

of the cars sold in the country present flex-fuel engines, prepared to run both gasoline and

ethanol in any proportion (Su et al., 2015). Biodiesel, defined in Brazilian law no. 11.097/2005
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as any biomass-based fuel that can be used in compression-ignition engines, are also widely

used, and the addition of a certain amount of it in commercial diesel sold in the local market

is also mandatory. Apart from that, aviation biofuels are also being developed, in international

cooperation (Su et al., 2015).

Among biofuels, alcohols produced by fermentation processes, like bioethanol and

biobutanol, present characteristics that suggest their suitability in vehicles, specially in spark-

ignition engines. They present themselves in liquid form at room temperatures, they are re-

latively easy to produce and, like petrofuels, they have high energy density (Bergthorson

and Thomson, 2015). They also present high octane number, crucial for that kind of engine

(Heywood, 1988). Table 1.2 presents those and other physicochemical characteristics.

Table. 1.1: Specification of alcohols and conventional fossil fuels. Adapted from Jin et al. (2011)

Gasoline Diesel Methanol Ethanol n-Butanol
Molecular formula 𝐶4 - 𝐶12 𝐶12 - 𝐶25 𝐶𝐻3𝑂𝐻 𝐶2𝐻5𝑂𝐻 𝐶4𝐻9𝑂𝐻
Cetane number 0-10 40-55 3 8 25
Octane number (RON) 80-99 20-30 111 108 96
Oxygen content (% weight) - - 50 34.8 21.6
Density (g/ml) a 20°C 0.72-0.78 0.82-0.86 0.796 0.790 0.808
Autoignition temperature
(°C)

300 210 470 434 385

Flash point (°C) at closed
cup

-45 to -38 65 to 88 12 8 35

Lower heat value (MJ/kg) 42.7 42.5 19.9 26.8 33.1
Boiling point (°C) 25-215 180-370 64.5 78.4 117.7
Stoichiometric air/fuel mass
ratio

14.7:1 14.3:1 6.49:1 9.02:1 11.21:1

Latent heating (kJ/kg) at
25°C

380-500 270 1109 904 584

Flammability limits (%vol.) 0.6-8 1.5-7.6 6.0-36.5 4.3-19 1.4-11.2
Saturation pressure (kPa) at
38°C

31.01 1.86 31.69 13.8 2.27

Viscosity (mm2/s) at 40°C 0.4-0.8
(20°C)

1.9-4.1 0.59 1.08 2.63

1.1 Ethanol

Ethanol (𝐶2𝐻5𝑂𝐻) is perhaps the liquid alternative fuel most widely studied (De-

mirbas, 2007). In vehicles, it is manly used as a fuel additive, specially when blended with
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1.2 N-Butanol

N-Butanol is one of the four butanol isomers, a group of alcohols described by the

formula 𝐶4𝐻9𝑂𝐻 . Details of its isomers are presented in table 1.2.

Table. 1.2: Molecular structure and main application of butanol isomers. Adapted from Jin
et al. (2011).

Butanol isomer Molecular structure Sketch map Main applications

1-Butanol

Solvents for paints, resins, dyes, etc.
Plasticizers to improve plastic mate-
rial processes
Chemical intermediate for butyl es-
ters or butyl ethers, etc.
Cosmetics, including eye makeup,
lipsticks, etc.
Gasoline additive

2-Butanol

Solvent
Chemical intermediate for butanone,
etc.
Industrial cleaners, such as paint re-
movers
Perfumes or in artificial flavors

iso-Butanol

Solvent and additive for paint
Gasoline additive
Industrial cleaners, such as paint re-
movers
Ink ingredient

tert-Butanol

Solvent
Denaturant for ethanol
Industrial cleaners, such as paint re-
movers
Gasoline additive for octane booster
and oxygenate
Intermediate for MTBE, ETBE,
TBHP, etc.

N-Butanol is the normal isomer of the group, presenting the radical 𝑂𝐻− in the end

of the carbon chain. Its main application is as intermediate in chemical processes, but is recently

being proposed as a renewable alternative fuel, as well as additive for gasoline in spark-ignition
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engines or even for diesel in compression-ignited engines. Its main advantages for the first are

the octane number close to that of commercial gasoline, better energy density (meaning better

mileage than ethanol) and lower interaction with engine parts. However, its cetane number is

higher than that of both ethanol and gasoline, indicating possible auto-ignition problems when

used solely in that application, for example - despite being an interesting characteristic for di-

esel engines, something also being researched. Nowadays, unfortunately, the most significative

disadvantage of n-butanol is the fact that its production processes cannot yet compete with those

of other commercial fuels, both in terms of costs and yield, requiring improvements in order to

become economically viable (Jin et al., 2011).

Commercially, its most common production process involves processing of petrol,

but improvements in the ABE processes, specially in its yield, lead to increase in the production

of n-butanol from biomass, the so-called biobutanol. As previously explained in section 1.1,

ABE fermentation involves bacteria of the genus Clostridium, generating a mixture of acetone,

n-butanol and ethanol, as well as water and other impurities Jin et al. (2011). Depending on the

species employed, this process can use edible or non-edible feedstock. By genetically changing

the bacteria involved it is possible to adjust ABE fermentation to a range of proportions between

its main products Jin et al. (2011). In Brazil, there are also studies being conducted involving

the generation of n-butanol from ethanol in sugar refineries (Dias et al., 2014), which may grow

interest in its local application.

1.3 Blending of Ethanol and N-Butanol

Considering the complementary characteristics presented by ethanol end n-butanol,

namely the higher octane number and lower cetane number of the first and the better chemical

stability and higher energy density of the latter, as well as the fact that they can be produced

together in ABE processes, its combined use is suggested. Recent studies also indicate that

both fuels are perfectly soluble, at least at room temperature (figure 1.2, phase diagram), which

reinforces the idea of using their blends in engines (Zhou et al., 2014).
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Figure. 1.2: Sketch of phase diagram for the ternary system of acetone (ethanol)–butanol–water
at 298 K: (I) heterogeneous area and (II) homogeneous area; the fractions of acetone: ethanol
are all weight fraction. Adapted from Zhou et al. (2014)

In order to define the behavior of the combustion of these blends, studies involving

chemical kinetics and burning characterization are necessary, both for laminar and turbulent

sets, in order to create a basis to be used to describe how it would happen in real engines,

helping the development of the usage of these alternative fuels.

1.4 Objectives

The present work intends to study the behavior of the laminar combustion of mix-

tures between n-butanol and ethanol on air, in different fuel proportions. In order to do it, the

package REGATH, developed by the laboratory EM2C (CNRS - CentraleSupélec), in France,

was used. In this application the burning of these blends was simulated in an one-dimension la-

minar premixed flame configuration. Chemical kinetic schemes and experimental data available
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in the literature were compared, further developing a fused scheme, capable of describing the

combustion of each of the fuels, when compared to experiments of previous works. The studied

characteristics were the laminar flame speed and the mass fraction of selected chemical species

for several fuel/air equivalence ratios. In the end, curves for blends containing 25, 50 and 75%

in volume of n-butanol in ethanol, describing these characteristics, were raised.

1.5 Work Structure

The present work is divided in five chapters.

The first chapter introduces the subject of the project, presenting ethanol and n-

butanol in their most recently known characteristics, as well as information on their production

and usage. This chapter also explains why the blends between both fuels were studied, and the

objectives of this study.

The second chapter presents a bibliographic review of the theory related to the pre-

sent study, explaining chemical kinetics and involved properties. This section also presents

state-of-the-art kinetic schemes and experiments done for both fuels, bringing a comparative

between their characteristics.

The third chapter explains the methodology used in the project, describing the steps

done in the course of the work, the software used, the numerical configuration and other details.

The comparison between kinetic schemes and experimental data is described, as well as the

development of the combined scheme and the data raised for blends.

The fourth chapter describes the work done and its results, presenting curves for

the chemical schemes available in the literature, for the combined one and the experiments of

previous studies, showing the main data raised for ethanol, n-butanol and their blends. In the

end of the chapter these results are analyzed and discussed.

The fifth chapter presents the conclusions of the present work, summarizing the

whole study and raising further questions to be answered. In the end, suggestions for future

works involving the subject are given.
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2 LITERATURE REVIEW

Combustion is defined generically as a chemical process in which a rapid oxida-

tion occurs, generating heat, or both light and heat (Turns, 2012). The science of combustion is

very complex, and involves subjects as varied as chemical kinetics, fluid mechanics and ther-

modynamics. It is impossible to fully understand and fully control the phenomenon, however,

for most practical applications there are ways of evaluating its characteristics numerically and

experimentally.

The present work involves a certain field of the combustion science known as Che-

mical Kinetics. Through this literature review, this chapter intends to describe the concepts

related to this area, also giving a brief explanation on the thermodynamic and transport proper-

ties. Other concepts related to the studied flame set and its characteristics are also described. In

the end, the state-of-the-art in chemical schemes for ethanol and n-butanol is presented, ending

with table 2.2, which represents all the evaluated works.

2.1 Chemical Kinetics

Chemical kinetics is the name given to the science of the elementary reactions and

their rates, a specific branch of the physicochemistry. Its theory is explained in details in the

works of Turns (2012) and Darabiha et al. (2006). For the combustion science this study is of

fundamental importance, considering it defines pollutant formation, produced heat, flame speed,

temperatures, among other characteristics of the burning process. Progress in this field is res-

ponsible for a great part of the development of the combustion in the present days, considering

that it bases the computer simulation of reactant systems (Turns, 2012).

For many thermodynamic applications, it is enough to use only the global reaction,

which considers only the reactants and the main final products. However, real combustion pro-

cesses involve thousands of reactions and hundreds of chemical species, among them many

radicals that exist only for an instant of time, possibly generating very different results. It is also

of fundamental importance to consider transport and thermodynamical properties for all those

species. Additionally, the particularities of each kind of flame set also influence these characte-
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ristics. All that is necessary to comprehend pollutant formation, burning profiles, flame speed,

temperatures, among other factors.

A global reaction for two given reactants can be described by the general formula-

tion:

𝐴+ 𝜈𝐵 → 𝑃, (2.1)

in which one molecule of 𝐴 reacts with 𝜈 molecules of 𝐵, producing a generic final product

𝑃 . In reality, there is a "black box"of intermediate reactions and products not considered in

this formulation, for it is necessary to break many molecular bonds and form many others, in a

process that involves many radicals. Instead, elementary reactions must be evaluated.

For example, in the process of the combustion of hydrogen in oxygen, one of the

most extensively studied and better described, a global reaction can be presented as:

2𝐻2 +𝑂2 → 2𝐻2𝑂. (2.2)

However, between reactants and products, the following elementary reactions are present:

𝐻2 +𝑂2 → 𝐻𝑂2 +𝐻, (2.3)

𝐻 +𝑂2 → 𝑂𝐻 +𝑂, (2.4)

𝑂𝐻 +𝐻2 → 𝐻2𝑂 +𝐻, (2.5)

𝐻 +𝑂2 +𝑀 → 𝐻𝑂2 +𝑀, (2.6)

among many others.

Chemical species that appear in those reactions, like 𝐻 , 𝑂𝐻 , 𝐻𝑂2, are the so-called

radicals, or free radicals, the ones that present unpaired electrons, crucial for the formation of

stable substances. The group of elementary reactions used to describe an overall reaction is

known as a mechanism. Full scale kinetic schemes for fuels contain a number of those mecha-

nisms, involved in the many phases of the combustion process.

In fact, the majority of the elementary reactions of interest in combustion are the

bimolecular ones, in which two molecules collide, forming two other molecules. They can be

described by the general formulation:
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𝐴+𝐵 → 𝐶 +𝐷, (2.7)

for 𝐴 and 𝐵 the two reactants and 𝐶 and 𝐷 the products. The reactions proceed at a rate directly

proportional to the concentrations (in SI units, in 𝑘𝑚𝑜𝑙/𝑚3) of each reactant species, like in the

equation 2.8:

𝑑[𝐴]

𝑑𝑡
= −𝑘bimolec[𝐴][𝐵], (2.8)

in which the rate coefficient, 𝑘bimolec (in SI units, 𝑚3/(𝑘𝑚𝑜𝑙 · 𝑠), is a function of the tempera-

ture. Its value can be calculated through the collision theory. Physicochemical details are better

explained in the works of Turns (2012) and Darabiha et al. (2006). In short, for a tempera-

ture range not too great, the value of the bimolecular rate coefficient can be expressed by the

empirical Arrhenius equation (2.9):

𝑘(𝑇 ) = 𝐴𝑇 b𝑒𝑥𝑝(− 𝐸A

𝑅u𝑇
), (2.9)

where 𝑇 is the temperature, while 𝐴, 𝑏 and 𝐸a are values taken from experimental data, from

graphics that register the behavior of those reactions. 𝐸A is the activation energy, a number that

determines the minimum energy necessary for the reaction to happen, while 𝑅u is the universal

gas constant.

For unimolecular reactions, those with only one reactant, and termolecular reacti-

ons, the ones containing three reactants, the Arrhenius formulation is also valid. They are also

considered elementary reactions, of great importance for combustion processes. In the first case,

the one which describes typical dissociation reactions of burning, for example, the process is

considered as a first-order one, at high pressures, as seen in the equation 2.10:

𝑑[𝐴]

𝑑𝑡
= −𝑘uni[𝐴], (2.10)

and a second order one at low pressures, due to the collision that happens with another determi-

nate species 𝑀 , as seen in the equation 2.11:

𝑑[𝐴]

𝑑𝑡
= −𝑘[𝐴][𝑀 ], (2.11)

also depending on the concentration of the species 𝑀 . In the second case, reactions involving,
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in general, a third body 𝑀 , are of third order, presenting the formulation:

𝑑[𝐴]

𝑑𝑡
= −𝑘ter[𝐴][𝐵][𝑀 ], (2.12)

in which the third body 𝑀 acts in the energy transfers necessary to to the formation of products.

It is important to notice that this species 𝑀 does not change its molecular structure in both kinds

of reactions.

Values for the particle 𝐴𝑇 b can be calculated by more complex formulations of

the collision theory. Also, nowadays, more advanced theories for chemical kinetics have been

capable of determining values for the activation energy based on the molecular structure and the

process of breaking and forming bonds (Turns, 2012). However, for the practical applications

of combustion, the Arrhenius formulation is sufficient. In general, the chemical kinetic schemes

are presented in the form of tables, listing the elementary equations and their values for 𝐴, 𝑏

and 𝐸A for certain ranges of temperature. An example of part of a chemical kinetic scheme is

the one below, in table 2.1.
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Table. 2.1: Recommended rate coefficients for 𝐻2 - 𝑂2 reactions. Adapted from Turns (2012
apud. Warnatz, 1984)

Reaction 𝐴 [(𝑐𝑚3/𝑔𝑚𝑜𝑙)n−1/𝑠]ª b 𝐸A

(𝑘𝐽/𝑔𝑚𝑜𝑙)
Temperature
Range (𝐾)

𝐻 +𝑂2 → 𝑂𝐻 +𝑂 1.2 · 1017 -0.91 69.1 300-2,500
𝑂𝐻 +𝑂 → 𝑂2 +𝐻 1.8 · 1013 0 0 300-2,500
𝑂 +𝐻2 → 𝑂𝐻 +𝐻 1.5 · 107 2.0 31.6 300-2,500

𝑂𝐻 +𝐻2 → 𝐻2𝑂 +𝐻 1.5 · 108 1.6 13.8 300-2,500
𝐻 +𝐻2𝑂 → 𝑂𝐻 +𝐻2 4.6 · 108 1.6 77.7 300-2,500
𝑂 +𝐻2𝑂 → 𝑂𝐻 +𝑂𝐻 1.5 · 1010 1.14 72.2 300-2,500

𝐻 +𝐻 +𝑀 → 𝐻2 +𝑀
𝑀 = 𝐴𝑟(𝑙𝑜𝑤𝑃 ) 6.4 · 1017 -1.0 0 300-5,000
𝑀 = 𝐻2(𝑙𝑜𝑤𝑃 ) 0.7 · 1016 -0.6 0 100-5,000

𝐻2 +𝑀 → 𝐻 +𝐻 +𝑀
𝑀 = 𝐴𝑟(𝑙𝑜𝑤𝑃 ) 2.2 · 1014 0 402 2,500-8,000
𝑀 = 𝐻2(𝑙𝑜𝑤𝑃 ) 8.8 · 1014 0 402 2,500-8,000

𝐻 +𝑂𝐻 +𝑀 → 𝐻2𝑂 +𝑀
𝑀 = 𝐻2𝑂(𝑙𝑜𝑤𝑃 ) 1.4 · 1023 -2.0 0 1,000-3,000

𝐻2𝑂 +𝑀 → 𝐻 +𝑂𝐻 +𝑀
𝑀 = 𝐻2𝑂(𝑙𝑜𝑤𝑃 ) 1.6 · 1017 0 478 2,000-5,000

𝑂 +𝑂 +𝑀 → 𝑂2 +𝑀
𝑀 = 𝐴𝑟(𝑙𝑜𝑤𝑃 ) 1.0 · 1017 -1.0 0 300-5,000

𝑂2 +𝑀 → 𝑂 +𝑂 +𝑀
𝑀 = 𝐴𝑟(𝑙𝑜𝑤𝑃 ) 1.2 · 1014 0 451 2,000-10,000

ªfor n the reaction order

It is also important to notice that chemical kinetic schemes sometimes present quite

different values for the same reactions. It happens due to the differences between the basic

experiments in which they are based, or even differences in the way those numbers are taken

from the graphics. When dealing with the manipulation of kinetic schemes, these factors must

be taken into account.
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2.2 One-Dimensional Laminar Premixed Flame

Laminar premixed flame is a flame set extensively used in residential, commercial

and industrial applications. Basically, a laminar premixed flame is the one in which a mixture

of fuel and oxidizer (in most cases, air) is injected in a certain control volume, is ignited and

produces a laminar flame, in other words, in a flux in which fluid particles move themselves in

parallel sheets (for the concept of laminar flow, see Fox et al. (2006)). Examples include ovens,

heating appliances and Bunsen burners. Despite not being the process that happens in internal

combustion engines - for those, turbulent flames are a more accurate set - many turbulent flame

theories are based on features of the laminar flame structure, motivating its study. Additionally,

laminar premixed flame studies are important for quantifying the flame speed, a value that dicta-

tes flame shape and important stability characteristics, such as blowoff and flashback. For basic

science studies on the combustion of new fuels, these features are very important (Turns, 2012).

First of all, it is useful to define what a flame is. A flame is "a self-sustaining pro-

pagation of a localized combustion zone at subsonic velocities"(Turns, 2012). This definition

implies some key features. A flame must be localized, that means it only occupies a certain

portion of the combustible mixture at a certain moment in time. Secondly, it is subsonic, a dis-

crete combustion wave that travels at a certain lower-than-the-sound velocity. This process is

termed as a deflagration - which differs from that one called detonation, the propagation of the

combustion wave at supersonic velocities. There is a completely different science behind this

one, which will not be explained in the present work.

A common simplification very useful for basic combustion studies like the pre-

sent one is to understand the laminar premixed flame as an one-dimensional entity. Despite

not being a configuration very common in real applications of combustion, approximated one-

dimensional flames can be recreated in laboratory for experimental studies, as further explained

in the chapter, enabling the evaluation of laminar flame speed and temperature profiles for a

certain case.
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2.2.1 Main Characteristics

The temperature profile is sometimes considered its most important characteristic.

Figure 2.1 illustrates a typical unidimensional profile, along with other important information.

Figure. 2.1: Laminar flame structure. Source: Turns (2012).

This profile assumes that the flame is flat, behaving as a stationary entity, in which

the flame location is kept by adjusting the velocity of the inlet premixed mixture flow to the

value of the flame propagation velocity, in this case, called laminar flame speed, 𝑆L. In this

example, it is also assumed that the flame is one-dimensional, and that the mixture enters the

flame in a direction normal to the flame sheet. The mass balance around the flame requires that

𝜌u𝑆L𝐴 = 𝜌u𝑣u𝐴 = 𝜌b𝑣b𝐴, (2.13)

in which the subscripts 𝑢 and 𝑏 refer to the unburned and burned gases, respectively.

The laminar flame speed, 𝑆L, can be described as the velocity at which an unstretched flame

front moves, consuming reactants and producing burning gases. In typical hydrocarbon-air fla-
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mes at atmospheric pressure, the density of the burned gases becomes about seven times lower

than that of the unburned, greatly accelerating the flow.

As represented, it is common to divide the flame into two zones: the preheat zone,

in which little energy is released, and the reaction zone, responsible for most of the energy

released. In these conditions, it is also useful to divide the reaction zone into a thin region

where very fast chemistry occur, followed by another, much wider region of slow chemistry. In

the first region of the reacting zone, fuel molecules are broken, becoming many intermediate

species, in predominantly bimolecular reactions. At atmospheric pressure, this zone is quite

thin, in general measuring less than a millimeter, and due to that, temperature gradients and

species concentration gradients are very large.These gradients are responsible for keeping the

flame as a self-sustaining process, due to the heat and radical diffusion forced from the reaction

zone to the preheat zone. In the following region, called secondary reaction zone, three-body

radical recombination is predominant, in much slower reactions. In carbon-based fuels, it leads

to the final burnout of 𝐶𝑂, through the reaction:

𝐶𝑂 +𝑂𝐻 → 𝐶𝑂2 +𝐻. (2.14)

Hydrocarbon flames, in most burning conditions, present visible radiation in the

fast-reaction zone. It is the easiest way of locating the flame. It can appear in blue for the

combustion of poor mixtures - the ones where there is more air than what is needed for the

stoichiometric global reaction - due to the excitation of 𝐶𝐻 radicals, which become 𝐶𝐻* ra-

dicals. For rich mixtures, which have less air than in the stoichiometric proportion, the zone

emits radiation in a blue-green color, due to exited 𝐶2 radicals. Additionally, 𝑂𝐻* radicals also

contribute to visible radiation and, to a lesser degree, chemiluminescence from the reaction:

𝐶𝑂 +𝑂 → 𝐶𝑂2 + ℎ𝑣, (2.15)

for ℎ𝑣 the light emission. For even richer flames, soot is formed, which emits blackbody con-

tinuum radiation in the range from bright yellow (almost white) to dull orange colors. Studies

can be made to evaluate several flame characteristics through the analysis of the spontaneous

light emissions of a burning fuel (Alviso et al., 2015).
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2.2.2 Flame Analysis

A flame is a complex phenomenon; however, it can be described using the con-

servation equations of the fluid mechanics and thermodynamics. A detailed description of the

governing equations of reactant flows are presented in appendix A. In this chapter, the flame

analysis is simplified to the one-dimensional case. Their solution cannot be made analytically,

demanding numerical simulations, using computational tools, like the REGATH package. More

information on them is described in the next chapter.

Considerations

Some assumptions are made in this analysis:

∘ Species behave as ideal gases.

∘ Steady state.

∘ One-dimensional flux.

∘ Pressure does not vary in the control volume.

Boundary conditions can also be set:

∘ Species concentrations up to the flame inlet and far from the flame zone are constant:

𝑌k(𝑥 → − inf) = 𝑌k, 0, (2.16)

𝑑𝑌k

𝑑𝑥
(𝑥 → inf) = 0, (2.17)

∘ Species concentrations at the flame inlet are known.

∘ Temperature up to the flame inlet and far from the flame zone are constant:

𝑇 (𝑥 → − inf) = 𝑇0, (2.18)
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𝑇

𝑑𝑥
(𝑥 → inf) = 0, (2.19)

∘ Temperature at the flame inlet and at a fixed location are known.

Those assumptions greatly simplify this analysis, making computer calculations

much faster, even not requiring explicit momentum conservation equations. The formulation,

considering those conditions, is explained below.

Continuity

𝑑�̇�′′

𝑑𝑥
= 0. (2.20)

Species Conservation

For a steady one-dimensional flow, in which �̇�i
′′′ can be replaced by �̇�i𝑊i in the

general equation A.11:

𝑑

𝑑𝑥
(𝜌𝑣x𝑌i) +

𝑑

𝑑𝑥
(𝜌𝑌i𝑣i,diff ) = �̇�i𝑊i, 𝑓𝑜𝑟 𝑖 = 1,2, . . . , 𝑁, (2.21)

where �̇�i is the molar production rate of species 𝑖, from the equation 2.8.

Energy Conservation

Starting with equation A.28, a general form for 𝑁 species, in which a mixture 𝑐p =
∑︀

𝑌i𝑐p, i in any one-dimensional laminar flame set can be set as:
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�̇�′′𝑐p
𝑑𝑇

𝑑𝑥
+

𝑑

𝑑𝑥
(−𝑘

𝑑𝑇

𝑑𝑥
) +

N∑︁

i=1

𝜌𝑌i𝑣i, diff𝑐p, i
𝑑𝑇

𝑑𝑥
= −

N∑︁

i=1

ℎi�̇�i
′′′. (2.22)

By replacing �̇�i
′′′ by �̇�i𝑊i, equation 2.22 becomes:

�̇�′′𝑐p
𝑑𝑇

𝑑𝑥
+

𝑑

𝑑𝑥
(−𝑘

𝑑𝑇

𝑑𝑥
) +

N∑︁

i=1

𝜌𝑌i𝑣i, diff𝑐p, i
𝑑𝑇

𝑑𝑥
= −

N∑︁

i=1

ℎi�̇�i𝑊i. (2.23)

Other auxiliary relations are also necessary to the full calculations:

∘ Ideal-gas equation of state.

∘ Constitutive relations for diffusion velocities.

∘ Temperature-dependent species properties: ℎi(𝑇 ), 𝑐p, i(𝑇 ), 𝑘i(𝑇 ) and 𝐷ij(𝑇 )

∘ Mixture property relations to calculate 𝑊mixture, 𝑘, 𝐷ij and 𝐷T
i from data from individual

species.

∘ A detailed chemical kinetic mechanism.

∘ Conversion relations for molar and mass fractions.

These relations are available in the next section of this chapter, based on the works of Darabiha

et al. (2006) and Turns (2012).

2.3 Auxiliary Properties

For the analysis of combustion flows, there are two kinds of properties that comple-

ment the equations: the thermodynamic properties and the transport properties. The parameters

defined in these categories are very important for the formulations of the combustion phenome-

non, such as the diffusivity coefficient and the specif heat. The methods for calculating them

computationally are described in this section.
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2.3.1 Thermodynamic Properties

The main thermodynamic properties used in applications involving heat transfer,

energy conservation, among others, are the specific heat, 𝑐p, the specific enthalpy, ℎ, and the

specific entropy, 𝑠. Their values are different for each species and temperature, and methods are

being developed for their calculations in numerical combustion applications.

One of those methods is the one described by Darabiha et al. (2006), which uses

14 coefficients to define fourth-order polynomial equations, which approximate those values

for a certain range of temperatures. Data for them comes from experiments that study their

characteristics for each temperature.

It is assumed that the species involved in the calculations behave as perfect gases;

therefore, they follow the equation:

𝜌 =
𝑝𝑊

𝑅u𝑇
, (2.24)

for 𝑝 the pressure, 𝑊 the molar mass, 𝑅u the universal gas constant and 𝑇 the absolute tempe-

rature. In this sense, the specific enthalpy of a certain mixture can be calculated as:

ℎ =
K∑︁

k=1

𝑌kℎk, (2.25)

for species 𝑘 = 1, . . . , 𝐾. 𝑌k is the concentration for the species k in the mixture. Defining 𝑐pk

as:

𝑐pk = (
𝑑ℎk

𝑑𝑡
)p (2.26)

the enthalpy of the species 𝑘 can be presented as:

ℎk = ℎk(𝑇0) +

∫︁ T

T0

𝑐pk(𝑇
′)𝑑𝑇 ′, (2.27)

where ℎk(𝑇0) is the standard formation enthalpy at the reference temperature 𝑇0. For the mix-

ture, its 𝑐p can be defined by:

𝑐p =
K∑︁

k=1

𝑌k𝑐pk, (2.28)
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so that the the specific enthalpy of the mixture can be described as:

ℎ =
K∑︁

k=1

ℎk(𝑇0)𝑌k +
K∑︁

k=1

𝑌k

∫︁ T

T0

𝑐pk(𝑇
′)𝑑𝑇 ′. (2.29)

In an analogous way, the entropy of the mixture can be expressed by:

𝑠 =
K∑︁

k=1

𝑌k𝑠k, (2.30)

being 𝑠k the entropy for a species 𝑘, which can be given by the equation:

𝑠k = 𝑠k(𝑇0, 𝑝0) +

∫︁ T

T0

𝑐pk(𝑇
′)

𝑇 ′
𝑑𝑇 ′ − 𝑅

𝑊k

𝑙𝑜𝑔
𝑝k
𝑝0

, (2.31)

for 𝑠k(𝑇0, 𝑝0) the standard formation entropy at the reference temperature 𝑇0 and pressure 𝑝0,

while 𝑝k is the partial pressure of the species 𝑘. In particular, by taking 𝑠0k = 𝑠0k(𝑇 ), the entropy

of the 𝑘th species at atmospheric pressure 𝑝k = 𝑝0 = 𝑝atm, the following equation is formed:

𝑠0k = 𝑠k(𝑇0, 𝑝0) +

∫︁ T

T0

𝑐pk(𝑇
′)

𝑇 ′
𝑑𝑇 ′. (2.32)

Finally, the thermodynamic properties can be deducted from the correspondent mo-

lar properties, in the relations:

𝑐pk =
𝐶pk

𝑊k

, ℎk =
𝐻k

𝑊k

, 𝑠0k =
𝑆0
k

𝑊k

. (2.33)

Those molar properties are the ones that can be calculated through the approxima-

tion polynomials:

𝐶pk

𝑅u

=

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑎1k + 𝑎2k𝑇 + 𝑎3k𝑇
2 + 𝑎4k𝑇

3 + 𝑎5k𝑇
4

if 𝑇inf ≤ 𝑇 ≤ 𝑇med

𝑎8k + 𝑎9k𝑇 + 𝑎10k𝑇
2 + 𝑎11k𝑇

3 + 𝑎12k𝑇
4

if 𝑇med ≤ 𝑇 ≤ 𝑇sup

(2.34)
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𝐻k

𝑅u

=

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑎1k +
a2k
2
𝑇 + a3k

3
𝑇 2 + a4k

4
𝑇 3 + a5k

5
𝑇 4 + a6k

T

if 𝑇inf ≤ 𝑇 ≤ 𝑇med

𝑎8k +
a9k
2
𝑇 + a10k

3
𝑇 2 + a11k

4
𝑇 3 + a12k

5
𝑇 4 + a13k

T

if 𝑇med ≤ 𝑇 ≤ 𝑇sup

(2.35)

𝑆k

𝑅u

=

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑎1k𝑙𝑜𝑔𝑇 + 𝑎2k𝑇 + a3k
2
𝑇 2 + a4k

3
𝑇 3 + a5k

4
𝑇 4 + 𝑎7k

if 𝑇inf ≤ 𝑇 ≤ 𝑇med

𝑎8k𝑙𝑜𝑔𝑇 + 𝑎9k𝑇 + a10k
2
𝑇 2 + a11k

3
𝑇 3 + a12k

4
𝑇 4 + 𝑎14k

if 𝑇med ≤ 𝑇 ≤ 𝑇sup

(2.36)

considering [𝑇inf , 𝑇med] and [𝑇med, 𝑇sup] approximation ranges related to inferior, medium and

superior temperatures, experimentally determined, and constants 𝑎1k, . . . , 𝑎14k empirical. 𝑎6k

and 𝑎13k are the reference enthalpies linked to the formation enthalpies at 0𝐾 and 𝑎7k and 𝑎14k

are the reference entropies linked to the formation entropies at 0𝐾.

Chemical kinetic schemes generally include a file for thermodynamic properties,

which contains a list of the 14 coefficients and the temperature ranges for each of the involved

species.

2.3.2 Transport Properties

As seen in the previous section (1.2), many of the conservation equations used in

the combustion science depend on some transport properties, such as the binary diffusivity coef-

ficient, viscosity and thermal conductivity. These properties depend on the interaction between

the species in a combustion environment, temperature and pressure. Therefore, for computer

simulations, it is necessary to use certain formulation capable of finding those parameters based

on fixed variables, related to each species involved in the combustion, in a similar way to what

happened for the thermodynamic properties.
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Viscosity

Viscosity is a transport property that can be expressed based on state variables.

According to Darabiha et al. (2006) and Kee et al. (2000), values for this property can be

calculated by the equation:

𝜇k =
5

15

√
𝜋𝑊k𝑘B𝑇

𝜋𝜎2
kΩ

(2,2)*
, (2.37)

where 𝑇 is the temperature, 𝜎k is the collision diameter, 𝑘B the Boltzmann constant, 𝑊k the

molecular mass and Ω(2,2)* one type of collision integral, based on Stockmayer potentials. This

last value depends on the reduced temperature, given by the expression:

𝑇 * = 𝑘B𝑇/𝜀k (2.38)

and also the reduced dipole moment given by:

𝛿*k =
1

2

𝛽2
k

𝜀k𝜎3
k

, (2.39)

where 𝜀k is the Lennard-Jones potential well depth and 𝛽k the dipole moment. The collision

integrals were tabulated by Monchick and Mason (1962), available in the literature.

Binary Diffusion Coefficient

This property is here described based on the works of Kee et al. (2000) and Darabiha

et al. (2006). The binary diffusion coefficients are given in terms of pressure and temperature

as:

𝐷jk =
3

16

√︀

2𝜋𝑘3
b𝑇

3/𝑊jk

𝑃𝜋𝜎2
jkΩ

(1,1)*
(2.40)

for 𝑊jk the reduced molecular mass for the (𝑗, 𝑘) species pair:

𝑊jk =
𝑊j𝑊k

𝑊j +𝑊k

(2.41)
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where 𝑊j and 𝑊k are their molecular masses. 𝜎jk is the reduced collision diameter. The colli-

sion integral Ω(1,1)*, also based on Stockmayer potentials, depends on the reduced temperature

𝑇 *

jk, which in turn is dependent on the species dipole moment, 𝛽k, and polarizabilities, 𝛼k. Re-

duced quantities, used in the calculations, depend on whether the collision partners are polar or

nonpolar. If they are both polar or nonpolar, the following expressions apply:

𝜀jk
𝑘B

=

√︂

(
𝜀j
𝑘B

)(
𝜀k
𝑘B

) (2.42)

𝜎jk =
1

2
(𝜎j + 𝜎k) (2.43)

𝛽2
jk = 𝛽j𝛽k, (2.44)

while for an interaction between a nonpolar molecule and a polar molecule:

𝜀np
𝑘B

= 𝜉2
√︂

(
𝜀n
𝑘B

)(
𝜀p
𝑘B

) (2.45)

𝜎np =
1

2
(𝜎n + 𝜎p)𝜉

( − 1

6
) (2.46)

𝛽2
np = 0, (2.47)

where:

𝜉 = 1 +
1

4
𝛼*

n𝛽
*

p

√︂
𝜀p
𝜀n

. (2.48)

In the expressions above, 𝛼*

n is the reduced polarizability for the nonpolar molecule and 𝛽*

p the

reduced dipole moment for the polar molecule. They are given by:

𝛼*

n =
𝛼n

𝜎3
n

(2.49)

𝛽*

p =
𝛽p𝑛

√︀
𝜀p𝜎p𝑛3

, (2.50)

and, for the temperature:
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𝑇 *

jk = 𝑘B𝑇/𝜀jk. (2.51)

Finally, for the reduced dipole moment:

𝛿*jk =
1

2
𝛽𝑗𝑘*2, (2.52)

Thermal Conductivity

Another important value, the thermal conductivity is composed of translational, ro-

tational and vibrational molecular contributions, as stated in:

𝜆k =
𝜇k

𝑊k

(𝑓trans𝐶v,trans + 𝑓rot𝐶v,rot + 𝑓vib𝐶v,vib), (2.53)

where:

𝑓trans =
5

2
(1− 2

𝜋

𝐶v,rot

𝐶v,trans

𝐴

𝐵
) (2.54)

𝑓rot =
𝜌𝐷kk

𝜇k

(1 +
2

𝜋

𝐴

𝐵
) (2.55)

𝑓rot =
𝜌𝐷kk

𝜇k

(2.56)

and:

𝐴 =
5

2
− 𝜌𝐷kk

𝜇k

(2.57)

𝐵 = 𝑍rot +
2

𝜋
(
5

3

𝐶v,rot

𝑅
+

𝜌𝐷kk

𝜇k

). (2.58)

Molar heat capacities, stated by 𝐶vk = 𝐶pk −𝑅u, can be defined for the translational case as:

𝐶v,trans =
3

2
𝑅u (2.59)
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for any type of molecule. However, for a linear molecule:

𝐶v,rot = 1 (2.60)

𝐶v,vib = 𝐶v −
5

2
𝑅u. (2.61)

In the case of a nonlinear molecule:

𝐶v,rot =
3

2
𝑅u (2.62)

𝐶v,vib = 𝐶v − 3𝑅u. (2.63)

Finally, for molecules composed by a single atom:

𝐶v,rot = 𝐶v,vib = 0. (2.64)

In order to define the parameters, 𝑍rot and 𝐷kk have yet to be described. The first

one comes from the formula:

𝑍rot(𝑇 ) = 𝑍rot(298𝐾)
𝐹 (298𝐾)

𝐹 (𝑇 )
, (2.65)

where:

𝐹 (𝑇 ) = 1 +
𝜋3/2

2
(
𝜀/𝑘b
𝑇

)1/2 + (
𝜋2

4
+ 2)(

𝜀/𝑘b
𝑇

) + 𝜋3/2(
𝜀/𝑘b
𝑇

)3/2, (2.66)

while the second comes from the self-diffusion equation:

𝐷kk =
3

16

√︀

2𝜋𝑘3
b𝑇

3/𝑊k

𝑃𝜋𝜎2
kΩ

(1,1)*
. (2.67)

Density, however, comes from the equation of state for a perfect gas:

𝜌 =
𝑃𝑊k

𝑅u𝑇
. (2.68)
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2.4 Common Laminar Premixed Laboratory Flames

One of the most common types of burner for laminar premixed combustion tests is

the Bunsen burner, as seen in figure 2.2. It consists on a tube device in which a jet of fuel is

injected, and variable area ports through which air enters, forced by the fuel jet, mixing both

components. Typically, a Bunsen burner is a dual flame, containing a primary rich premixed

flame surrounded by a diffusion flame, produced by the contact between carbon monoxide and

hydrogen products and the outer air. For this set, a stable, stationary flame must be formed by

equaling the speed of the normal component of the unburned gas velocity. Therefore, as seen in

figure 2.2, laminar flame speed can be calculated by:

𝑆L = 𝑣u𝑠𝑖𝑛𝛼, (2.69)

being 𝑣u the speed of the unburned gases and 𝛼 the inner cone angle.

Figure. 2.2: (a) Bunsen-burner schematic. (b) Laminar flame speed equaling the normal com-
ponent of the unburned gas velocity, 𝑣u, n. Source: Turns (2012).

Other way of studying premixed laminar flames in a laboratory is in the one-

dimensional flat-flame configuration. In order to run experiments that approximate to this ideal
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condition, an adiabatic burner can be used, in which a bundle of small tubes conduct the fuel-air

mixture in a laminar flux, being able to produce a stable flat flame in a range of conditions.

On the other hand, non-adiabatic burners can also be used, extracting heat from the flame and

decreasing its speed, allowing stabilization for a wide range of conditions. Both can be seen in

figure 2.3

Figure. 2.3: (a) Adiabatic flat-flame burner. (b) Non-adiabatic flat-flame burner. Source:
Turns (2012).
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Finally, another common experimental set used in laminar premixed flame evalu-

ation is the constant-volume spherical bomb (also called constant-volume vessel or constant

volume reactor)(Coelho and Costa, 2012). In this set, fuel and air or other oxidant are mixed

inside a spherical closed chamber, then ignited. A spherically-shaped flame is then formed, and

due to the expansion of the burned gases, the pressure inside the chamber increases continu-

ally. This variation, added to the flame front position as a function of time, is considered in the

definition of the laminar flame speed, which follow the relation:

𝑆L = (1− 𝑅3 − 𝑟3

3𝑝𝛾𝑟2
𝑑𝑝

𝑑𝑟
)
𝑑𝑟

𝑑𝑡
, (2.70)

for 𝑅 the bomb radius, 𝑝 and 𝑟 are the pressure and flame radius at a certain moment in time

(𝑡). 𝛾 is the relation between the constant pressure and constant volume specific heat capacities

of the unburnt mixture, 𝛾 = 𝑐p/𝑐v. Figure 2.4 represents this device.

Figure. 2.4: Constant-volume spherical bomb
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2.5 State-of-the-Art

2.5.1 Kinetic Schemes

Kinetic schemes, as previously explained, detail the reactions involved in the com-

bustion of a certain fuel. Those models are very useful for a range of computer simulations

involving not only basic combustion studies but also engine simulations. Studies for new fuels

in laminar conditions, as seen in the works of Alviso et al. (2015) for biodiesel, Man et al. (2014)

for propanol, and many others, develop and use those schemes. On the other hand, Large Eddy

Simulation (LES) (Darabiha et al., 2006), a technique that simulates turbulent burning in several

applications, relies on chemical mechanisms for its analysis.

The development of kinetic schemes involves series of studies, many times run by

different teams in different parts of the globe. Many times, these groups base their studies in

experiments ran by the same people, in schemes developed for fuels of less complex molecular

composition that might be not the same, generating variations. Therefore, kinetic schemes avai-

lable in the literature present some differences related to the number of reactions, their types and

their rates, the number and type of evaluated species and also their thermodynamic and trans-

port properties. All that influences the behavior of the kinetic scheme, the range of pressures,

temperatures and primary species to which they are valid.

The main purpose of this work was to develop methods of evaluating the com-

bustion of blends between n-butanol and ethanol. In this sense, it is important to search in the

literature for state-of-the-art information in kinetic schemes for both fuels. This section presents

information on them.

N-Butanol

N-butanol, as previously cited, is one of the most promising substances proposed

as biofuels for commercial applications. Due to that, many studies have been done in recent

years, such as the ones from Dagaut et al. (2009) and Jin et al. (2014), and many others are

being developed. However, it is a difficult task to find chemical schemes available in full in the
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literature. Additionally, depending on the type and version of the software package used, some

files cannot be run in REGATH simulations, and its models could not be tested.

For the present work, two kinetic schemes from the same first author, but diffe-

rent groups, were taken for comparison. The oldest one, presented in the article of Sarathy

et al. (2009), comprises 118 species and 878 reactions for the combustion of n-butanol; tests

were made in a jet stirred reactor (JSR) and in a counterflow diffusion burner for species mass

fractions, and in a spherical flame propagation set for laminar flame speed. The second one, that

of the work of Sarathy et al. (2012), is a detailed model for the four butanol isomers, and con-

tains 426 species and 2335 reactions, including a mechanism for the combustion of ethanol; its

validation was done by comparing simulated values with those in the literature, for both flame

speed and species concentrations.

Ethanol

Ethanol is one of the best studied biofuels. Kinetic schemes for the combustion of

pure ethanol and its blends with gasoline surrogates (Rau et al., 2015) are widely available.

Among them, some cannot be run in REGATH (Liu et al., 2011), or its codings were not avai-

lable in the literature.

Experiments and numerical simulation made by Leplat et al. (2011) are very impor-

tant for the evaluation of ethanol combustion characteristics. Chemical species’ mole fractions

were evaluated at a flat-flame burner and a jet-stirred reactor (JSR), while the developed me-

chanism, containing 252 reactions (not counting duplicates) and 60 species. Perhaps due to

differences between the software used in its development and the one used in the present work,

this scheme could not be tested.

For the present work, ethanol schemes from Marinov (1999) and Konnov

et al. (2011) were chosen. The first article presents a simple, strongly consolidated model for

ethanol, containing 57 species and 383 reactions; this model was validated by comparison with

previous works in a constant volume bomb and in a counterflow twin-flame burner for laminar

flame speed, and in a jet-stirred and a turbulent flow reactors for species profiles. The second

one, a more recent scheme, contains 129 species and 1231 reactions, and was tested experimen-

tally in a flat-flame adiabatic burner, for both temperature profiles and laminar flame speed.



44

2.5.2 Experimental Data

Experimental data was taken exclusively from the literature, due to the lack of expe-

rimental resources available for the research. In order to maintain data agreement, it was decided

that the values for temperature and pressure should not be too different, in order to avoid huge

disparities between flame speeds; in fact, for this reason, most of the chosen data was taken at

the same temperature and pressure, limiting the number of studies reviewed in this work.

N-Butanol

The experiments that provide data for n-butanol are those from the works of Sarathy

et al. (2009), Zhang et al. (2013) and Liu et al. (2011).

The one from Sarathy et al. (2009), as previously cited, was run in a spherical flame

propagation set for laminar flame speed, in a combustion bomb, detailed in the article. The

pressure and temperature conditions were selected to optimize the saturated vapor pressure of

butanol. Fuel-air equivalence ratios are within a range between 0.8 and 1.2. The measurements

have an estimated uncertainty of ±2 cm/s. For this work, the results for a pressure of 0.89 atm

and temperature of 350 K were chosen.

The work of Liu et al. (2011) presents a experiment done in a heated, dual-

chambered combustion vessel, which generates outwardly propagating spherical flames, descri-

bed in the article. It also provides a kinetic scheme, unable to run in REGATH due to differences

in file coding. Initial temperature was set at 353 K, while pressures were set at 1 atm and 2 atm.

Fuel-air equivalence ratios are within a range between 0.7 and 1.6. The measurements have an

estimated uncertainty of ±2 cm/s and the equivalence ratios have an uncertainty of ±2%. The

results for 1 atm were chosen for this work.

Finally, the work of Zhang et al. (2013) presents data obtained in a combustion

bomb, in a spherically expanding flame set, at temperatures ranging from 353 K to 433 K.

Pressure was kept at 1 atm. Fuel-air equivalence ratios are within a range between 0.8 and 1.5.

The measurements have an estimated uncertainty of ±1.4 cm/s. For the present work, data for

the temperature of 353 K was chosen for comparison.
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Ethanol

For ethanol, the works of van Lipzig et al. (2011) and Konnov et al. (2011) provide

data for laminar flame speed.

As cited, the work of Konnov et al. (2011) tests the burning of ethanol in an adia-

batic flat-flame burner, using the Heat Flux method for the measurements. Initial temperatures

were set from 298 K to 358 K, at atmospheric pressure (1 atm). Fuel-air equivalence ratios are

within a range between 0.65 and 1.25, due to flamability limits in this experimental setup. The

measurements have an estimated uncertainty of ±1 cm/s. The present work uses data from the

experiment at 298 K for comparison.

The work of van Lipzig et al. (2011) presents an experiment made on a flat-flame

burner, equiped with an evaporator for liquid fuels. It uses the Heat Flux method for the eva-

luation of the flame. Temperatures were set to 298 K and 338 K, while the pressure was kept

at 1 atm. Fuel-air equivalence ratios are within a range between 0.6 and 1.2, due to flamability

limits in this experimental setup. The measurements have an estimated uncertainty of ±1 cm/s.

This research tries to construct and certify an experimental rig very similar to that of Konnov

et al. (2011). Again, the present work uses data from the experiment at 298 K for comparison.

N-Butanol and Ethanol Studies

Studies on blends between ethanol and n-butanol were not found in the literature.

However, the work of Broustail et al. (2011) provided an important study on laminar flame speed

for both fuels in their pure form and also blended with iso-octane. All substances were tested in

a constant-volume vessel, using the spherical expanding flame methodology. The tested initial

pressure was 1 bar, and the initial temperature was kept at 393 K. Fuel-air equivalence ratios

ranged from 0.8 to 1.4. The perceived uncertainty was up to ±3 cm/s, however, the calculated

values were not made available.

The work of Broustail et al. (2011) is considered paramount for this study. Despite

not being a study on blends between both alcohols, the fact that both were tested at the same

conditions, in the same equipments, makes the results, in theory, very credible for a comparison
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between the combustion characteristics of both fuels. The graphic presented in figure 2.5 shows

their behavior in that flame set.

Figure. 2.5: Laminar flame speed for ethanol, n-butanol and iso-octane. Adapted from Broustail
et al. (2011).

As seen above, at atmospheric conditions, ethanol presents higher flame speeds

when compared to n-butanol (and also iso-octane). This is a characteristic further evaluated

and discussed, for the validation of the studied kinetic schemes.

2.6 Summary of the Works on Ethanol and N-Butanol

The following table (2.2) summarizes the experimental and numerical works evalu-

ated for both fuels. Details on the modeling and validation of kinetic schemes and experimental

conditions are presented in the original texts, available in the most common Internet-based sci-

entific databases.
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Table. 2.2: Comparison between laminar flame speed works for n-butanol and ethanol combustion

Fuel Reference Number of species and

reactions

Experimental data cons-

traints

Experimental set/ Validation method

N-Butanol Sarathy et al. (2009) 118 species and 878 re-

actions

𝑝0 = 0.89𝑎𝑡𝑚

𝑇0 = 350𝐾

𝜑 = 0.8− 1.2

𝑒 = ±2𝑐𝑚/𝑠

JSR (jet stirred reactor) and counterflow dif-

fusion burner for species mass fractions;

spherical flame propagation set for laminar

flame speed, in a combustion bomb.

N-Butanol Liu et al. (2011) 117 species and 884 re-

actions

𝑝0 = 1𝑎𝑡𝑚, 2𝑎𝑡𝑚

𝑇0 = 353𝐾

𝜑 = 0.7− 1.6

𝑒 = ±2𝑐𝑚/𝑠, 𝛿𝜑 =

±2%

Laminar flame speed evaluated in dual-

chambered combustion vessel, set for

outwardly propagating spherical flames.

N-Butanol

and Ethanol

Broustail et al. (2011) No numerical simulation

𝑝0 = 1𝑏𝑎𝑟

𝑇0 = 393𝐾

𝜑 = 0.8− 1.4

𝑒 = ±3𝑐𝑚/𝑠

Laminar flame speed evaluated in constant-

volume vessel, for both n-butanol and

ethanol.
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N-Butanol

and Ethanol

Sarathy et al. (2012) 426 species and 2335

reactions

No experiment Comparison between simulated data and

various experiments from the literature,

for both laminar flame speed and species

concentrations.

N-Butanol Zhang et al. (2013) No numerical simulation

𝑝0 = 1𝑎𝑡𝑚

𝑇0 = 353𝐾, 433𝐾

𝜑 = 0.8− 1.5

𝑒 = ±1.4𝑐𝑚/𝑠

Laminar flame speed evaluated in a combus-

tion bomb, in a spherically expanding flame

set.

Ethanol Marinov (1999) 57 species and 383 reac-

tions

No experiment Comparison between simulated data and

various experiments from the literature,

for both laminar flame speed and species

concentrations.

Ethanol Konnov et al. (2011) 129 species and 1231

reactions

𝑝0 = 1𝑎𝑡𝑚

𝑇0 = 298𝐾 − 358𝐾

𝜑 = 0.65− 1.25

𝑒 = ±1𝑐𝑚/𝑠

Temperature profiles and laminar flame

speed evaluated in a flat-flame burner, using

the Heat Flux method.

Ethanol Leplat et al. (2011) 60 species and 252 reac-

tions

No experiment for flame

speed

Species profiles evaluated in a flat-flame bur-

ner and a JSR.
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Ethanol van Lipzig et al. (2011) No numerical simulation

𝑝0 = 1𝑎𝑡𝑚

𝑇0 = 298𝐾, 338𝐾

𝜑 = 0.6− 1.2

𝑒 = ±1𝑐𝑚/𝑠

Laminar flame speed evaluated in a flat-

flame burner, using the Heat Flux method.
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3 METHODOLOGY

The present work involved the following parts: (1) comparison between ethanol

and n-butanol kinetic schemes and experimental data related to them; (2) rising of curves for

simulated mixtures between both fuels, in many proportions, based on the model from Sarathy

et al. (2012); (3) development of a combined scheme for ethanol and n-butanol; (4) raising of

new curves for mixtures, based on the new model. All the simulations were made using the

package REGATH, as described in the following sections.

3.1 Numerical Simulation Parameters

For the simulations ran in this research, some parameters were kept in order to

obtain information valid for the purposes of the work.

3.1.1 Target Data

The present work intended to compare chemical kinetic schemes and experimental

data for both n-butanol and ethanol, and further developing a new scheme for blends between

them. For that reason, the chosen characteristics to be compared were the laminar flame speed,

the temperature profiles and the species mass concentration.

The laminar flame speed was compared in all the phases of the research, being one

of the simplest to determine and most important characteristics of the burning process. It was

taken as the main value to determine the quality of the kinetic scheme, indicating whether or

not it was valid for a certain fuel. This data was evaluated for a range of fuel-air equivalence

ratios, and for every kinetic scheme compared in this study.

The temperature profile is a very important feature of the flame. It was evaluated

numerically for the blends and the pure substances in the new scheme, however, this data was

not validated, considering it was not available for comparison in the evaluated conditions.

The species mass concentration for 𝐶2𝐻5𝑂𝐻 (ethanol), 𝐶4𝐻9𝑂𝐻 (n-butanol), 𝑂2,
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𝐶𝑂2, 𝐻2𝑂 and 𝐶𝑂 were also evaluated in the simulations for the pure substances in the new

scheme, however, due to the lack of available experimental data in the simulated conditions,

validation for this set could not be done.

3.1.2 Flame Set

The chosen flame set was that of one-dimensional premixed laminar flame. As pre-

viously explained in chapter 2, it is one of the simplest flame configurations, faster to run com-

putationally and to be studied in experiments. Premixed laminar flame sets are some of the most

widely used sets for defining laminar flame speed and, despite not being the configuration pre-

sent in internal combustion engines, theories behind turbulent combustion are based on laminar

premixed flames; additionally, chemical schemes evaluated and validated in laminar conditions

can be used in turbulent conditions, motivating previous work in that set (Turns, 2012).

It is also important to notice that all simulations were made for combustion on air,

which was defined as containing 21% in volume of oxygen (𝑂2) and 79% of nitrogen (𝑁2).

3.1.3 Initial Temperature and Pressure

The initial temperature and pressure set for the simulations depend on the parame-

ters used in the experiments that provide data for comparison.

For ethanol, considering the chosen experiments of Konnov et al. (2011) and van

Lipzig et al. (2011), which initial temperature was 298K (room temperature) and pressure was

1 atm, all simulations for this fuel were set for the same parameters.

For n-butanol, considering the chosen experiment of Sarathy et al. (2009) being run

at 350K and the ones from Liu et al. (2011) and Zhang et al. (2013) at 353K, the temperature

from the latter two was chosen for the comparison between models and experiments. The pres-

sure for the experiment of Sarathy et al. (2009) was of 0.89 atm, and for the others, 1 atm; the

second value was the one reproduced in the simulations. The differences produced by the dif-

ferent pressures and temperatures were considered minimal, due to the low numerical distance

between the values and due to the compensating effects of lower temperature and pressure, as
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stated in chapter 8 of Turns (2012).

For blends, the initial temperature of 298K was the chosen one, for being simple to

be reproduced in an experimental environment, as well as the pressure of 1 atm. Most experi-

mental sets can run in those conditions.

3.1.4 Fuel-Air Equivalence Ratios

Fuel-air equivalence ratio is the relation between the stoichiometric air-fuel mass

ratio and the air-fuel ratio on the mixture, given by the equation:

𝜑 =
(𝐴/𝐹 )stoic
(𝐴/𝐹 )

=
(𝑚fuel/𝑚air)

(𝑚fuel/𝑚air)stoic
, (3.1)

for 𝑚fuel the mass (or the mass fraction) of the fuel, 𝑚air the one of the air and the subscript

𝑠𝑡𝑜𝑖𝑐 relative to the stoichiometric values. In this research, 𝜑 values were set close to the stoi-

chiometric mixture, simulating the conditions of most experiments at atmospheric pressure and

spark-ignited internal combustion engines. In the comparison between chemical schemes from

the literature, values range from 0.5 to 1.5 for n-butanol and from 0.5 to 1.7 for ethanol, with a

0.1 step between measurements. Some kinetic schemes could not converge up to those limits,

due to possible flammability limits present in the schemes. In turn, species mass concentrations

and temperature profiles were evaluated at

3.1.5 REGATH

REGATH is the name of a package of softwares written in FORTRAN capable of

simulating laminar combustion in a series of flame configurations. It was developed in France by

the laboratory EM2C, a CNRS fellow, linked to the CentraleSupélec (previously Ecole Centrale

Paris), and courteously provided for the present work. Among others, laminar premixed flames,

counterflow diffusion flames and double premixed flames for liquid and gaseous fuels can be

evaluated through this tool, since it reads chemical kinetic files in commonly used software

formats, like the one from the commercial package CHEMKIN.
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In order to run the simulations, the package REGATH solves the basic conserva-

tion equations explained in the chapter 2 through the Newton’s Method. Like similar softwares,

REGATH reads three main files, containing the chemical mechanism, the thermodynamic para-

meters and the transport parameters.

The chemical mechanism file enumerates the species involved in the combustion

and lists the reactions with their values for 𝐴, 𝑏 and 𝐸a, described in section 2.1, which are used

to solve the Arrhenius equation (2.9) for each reaction.

The thermodynamic file contains the 14 polynomial coefficients described in equa-

tions 2.34 to 2.36, which determine the values for thermodynamical properties along given

[𝑇inf , 𝑇med] and [𝑇med, 𝑇sup] approximation ranges, for each species involved in the combustion

process.

The transport file, as described in Kee et al. (2000), lists the species involved in the

chemical mechanism and the following parameters:

1. An index indicating whether the molecule has a monatomic, linear or nonlinear geome-

trical configuration. If the index is 0, the molecule is a single atom. If the index is 1 the

molecule is linear, and if it is 2, the molecule is nonlinear.

2. The Lennard-Jones potential well depth 𝜀/𝑘B in Kelvins.

3. The Lennard-Jones collision diameter 𝜎 in Angstroms.

4. The dipole moment 𝛽 in Debye. Note: a Debye is 10−18𝑐𝑚3/2𝑒𝑟𝑔1/2.

5. The polarizability 𝛼 in cubic Angstroms.

6. The rotational relaxation collision number 𝑍rot at 298K.

All those are used to calculate transport properties, as stated in the section 2.3.2.

In the simulations, the package is capable of returning data for the laminar flame

speed, flame thickness, maximum temperature and also mass fractions and temperature profiles

along the flame.
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3.2 Comparison between Kinetic Schemes and Experimental Data

At this stage, schemes from the literature developed for n-butanol and ethanol were

compared with data from experiments. A numerical simulation was made, and graphics for

laminar flame speed in an one-dimensional premixed flame set were raised.

The selected models for n-butanol were the ones available in the works of Sarathy

et al. (2009) and Sarathy et al. (2012). For ethanol, the schemes of Marinov (1999) and Konnov

et al. (2011) were the chosen ones, as well as the model of Sarathy et al. (2012), which con-

tains the mechanism for ethanol. Data from the experiments described in the works of Sarathy

et al. (2009), Zhang et al. (2013) and Liu et al. (2011) was used for n-butanol, and for ethanol,

that of the works of Konnov et al. (2011) and van Lipzig et al. (2011).

The scheme from Sarathy et al. (2009) was selected for being quite simple, in the

sense that it presents a reduced number of species and reactions, being fast to run in a computer

simulation and its code being simple to manipulate. Besides, it was validated experimentally

for both premixed flame speed and species concentration profiles, presented in the same article.

Data from its experiments was also used for comparison.

The scheme from Sarathy et al. (2012) was selected for being more recent than

the one from Sarathy et al. (2009), and also for presenting the mechanisms for ethanol. It is

considered a heavier scheme in terms of computation times, and also harder to manipulate, and

was validated for the four butanol isomers.

Along with the experimental data from the work of Sarathy et al. (2009), previously

cited, data from Liu et al. (2011) was also compared, due to the evaluation of flame conditions

similar to those presented in both other cited butanol works, but in a different experimental set.

The work of Zhang et al. (2013) also evaluates the behavior of n-butanol at 353 K and 1 atm,

this time, in a combustion bomb.

For ethanol, the scheme of Marinov (1999) was selected for its simplicity, presen-

ting a reduced number of species and reactions, being fast to run in a computer simulation and

being its code simple to manipulate. It was also extensively tested, in two experimental sets for

flame speed and two others for species concentration profiles.

The work of Konnov et al. (2011) was selected for both experimental data and

kinetic scheme, for being a more recent ethanol combustion model and for its validation, in

a flat-flame laminar burner. Despite being slightly computationally heavier than the model of
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Marinov (1999), its simulations did not demand much more time, and its code was also simple

to manipulate, at least when compared to that of Sarathy et al. (2012).

Finally, the experimental data from the work of van Lipzig et al. (2011) was chosen

for repeating the experiment of Konnov et al. (2011) at the same temperature and pressure,

generating very accurate results for laminar flame speed.

3.3 Blends Simulation through Scheme for Butanol Isomers

After having compared schemes, simulations for blends between ethanol and n-

butanol were made through the only chosen scheme containing mechanisms for both fuels, the

one presented in the work of Sarathy et al. (2012).

Blend proportions were set following the volume fractions of butanol in the fuel

mixture, from 25 to 25%. Five blends were them evaluated: E100 (0% n-butanol, 100% ethanol),

B25 (25% n-butanol, 75% ethanol), B50 (50% n-butanol, 50% ethanol), B75 (75% n-butanol,

25% ethanol) and B100 (100% n-butanol, 0% ethanol).

Graphics for laminar flame speed were them raised, for the ranges of 𝜑 and conditi-

ons described in section 3.1.

3.4 Development and Validation of Combined Scheme for Ethanol + N-Butanol

After analyzing the results of the previous step, it was understood that the scheme

of Sarathy et al. (2012) was inadequate to the simulation of blends (to be better explained in

the next chapter). Then, it was decided that a new scheme for this study should be developed,

combining validated schemes for ethanol and n-butanol.

Among the schemes evaluated for both fuels, the one presented in the work of Ma-

rinov (1999) for ethanol and the one from Sarathy et al. (2009) for n-butanol were chosen for

fusion. They are both very fast models, computationally speaking, presenting the lowest num-

ber of reactions and species but still keeping a good similarity between the simulated values for

laminar flame speed and the experimental data.

As previously cited, kinetic schemes for computer-based simulations normally com-
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prise three files: one for the kinetic mechanism, a second for the 14 thermodynamic constants

and a third one, presenting values for the calculation of transport properties. In this sense, the

fusion of the chosen schemes for ethanol and n-butanol followed the steps:

1. Choice of the skeletal scheme, the one that would keep all of its reactions and species.

Computationally speaking, it would be the one whose chemical mechanism’s file, ther-

modynamic file and transport file would base the new scheme. In this case, the first choice

was the one from Sarathy et al. (2009), for holding the greater number of reactions and

species, in the sense that less reactions and species are to be added to the new model and

evaluated. It is not the natural choice considering that, hierarchically, the n-butanol sche-

mes were developed based in schemes for simpler alcohols, theoretically producing less

deviation; a new scheme using ethanol would be left for a future moment, in case of the

first not being validated.

2. Addition of all the reactions from the secondary scheme, in this case, from the one of

Marinov (1999). All the reactions from the chemical mechanism’s file of Marinov (1999)

were added to their equivalents in the work of Sarathy et al. (2009).

3. Addition of the new species to the combined model. Those species were the ones present

in the mechanism of Marinov (1999) but not present in the one of Sarathy et al. (2009).

Computationally, the REGATH package returns the information that certain species were

not declared in the chemical mechanism’s file; they are then manually listed in this file,

and data from the thermodynamic file and the transport file from the original model for

these certain species are added to the new model.

4. Identification and removal of duplicate reactions. Duplicate reactions are the ones listed

twice in the mechanism, identified after the compilation of the combined model; through

the chosen method, only the duplicate reactions listed in the skeletal scheme are kept,

being the ones from the added scheme removed. These last ones sometimes present dif-

ferent values for the previously described Arrhenius constants. In this case, considering

that the reactions from the model of Sarathy et al. (2009) were chosen to base the new

one, their equivalents from the added scheme must be removed.

5. Numerical analysis and validation of the new model. Through the comparison between

the laminar flame speed of the combustion of each fuel in a certain range of fuel-air

equivalence ratios and their counterparts from the experiments, the new scheme can be

considered fit or unfit for the modeling of the combustion of a certain fuel. In case it is
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not considered fit, the process must be repeated, switching the skeletal model.

A graphic representation of what happens in the combination of chemical kinetic

schemes is presented in figure 3.1, below.
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Figure. 3.1: Graphic representation of the fusion of kinetic schemes.
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After developing the new chemical scheme, its validation was made. The scheme

was tested for laminar flame speed for pure ethanol and pure n-butanol, in a range of fuel-air

equivalence ratios of 0.5 to 1.5 for the latter and of 0.5 to 1.4 to the first fuel. As cited, all

the simulations were made in a one-dimensional laminar premixed set, at 1 atm, and 353K of

temperature for n-butanol and 298K for ethanol. The new model was compared with each of

the models used for the fusion, as well as with experimental data from Sarathy et al. (2009) and

Liu et al. (2011) for butanol, as well as that of Konnov et al. (2011) and van Lipzig et al. (2011)

for ethanol.

Due to the good agreement between the new scheme and the experimental data

(better explained in the following chapter), no other fusion was made, being the one based on

the works of Sarathy et al. (2009) (skeletal) and that of Marinov (1999) chosen for the evaluation

of the blends.

3.5 Blends Simulation through the New Scheme

After validating the new scheme for each of the pure fuels, theoretical curves for

the mixtures between n-butanol and ethanol in a one-dimensional premixed flame set through

this scheme were raised.

The theoretical curves for the laminar flame speed for the mixed fuels were raised.

The chosen blends were the same from the phase described on section 3.3, E100 (0% n-butanol,

100% ethanol), B25 (25% n-butanol, 75% ethanol), B50 (50% n-butanol, 50% ethanol), B75

(75% n-butanol, 25% ethanol) and B100 (100% n-butanol, 0% ethanol). Flame speed was evalu-

ated for ranges from 0.6 to 1.4. Curves for temperature profiles and species mass concentration

for 𝐶2𝐻5𝑂𝐻 (ethanol), 𝐶4𝐻9𝑂𝐻 (n-butanol), 𝑂2, 𝐶𝑂2, 𝐻2𝑂 and 𝐶𝑂 were also raised, for the

stoichiometric relation, 𝜑 = 1. Only the graphics for the pure substances are presented in this

step, in order to better show the differences between those fuels.
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4 RESULTS AND DISCUSSION

4.1 Comparison between Kinetic Schemes and Experimental Data

Results for the comparison between kinetic schemes and experimental data from

the literature, made through the REGATH package, are here presented in graphics, and further,

in the appendix A, they are presented in tables.

Information related to the error assessment and experimental and scheme characte-

ristics, as well as input data were previously explained in chapters 2 and 3, respectively. There-

fore, they will not be repeated here. It is only important to notice that all values for uncertainties

from the experiments were here presented, except for fuel-air equivalence ratios (𝜑), considering

their error values are too small to influence final results or even appear in the graphics.

Figure. 4.1: Laminar flame speed of n-butanol/air combustion from various works, 𝑇 = 353𝐾,
𝑝 = 1𝑎𝑡𝑚. * Values from Sarathy et al. (2009) were evaluated at 𝑇 = 350𝐾 and 𝑝 = 0.89𝑎𝑡𝑚.

Figure 4.1 shows the results for n-butanol. By analyzing the graphic, first of all, it
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can be seen that the three experiments present quite different results for most equivalence ratios,

even for the two ran in the same temperature and pressure conditions, from Liu et al. (2011) and

Zhang et al. (2013). Differences between the experimental methods and types of instruments

used, manipulation of the samples, among others may have influenced the final results. Secon-

dly, it can be noticed that both schemes present quite different values when compared with the

experiments and between each other. Due to the nature of kinetic schemes, considered a man-

ner to simulate very complex combustion processes, and the differences between the simulated

conditions and the real laboratory sets, a certain gap between the values is acceptable.

For n-butanol, both schemes can be considered fit for the representation of its com-

bustion. Standard deviation for the model of Sarathy et al. (2009) reached a maximum of 3.8

cm/s, when compared with the experiment of Liu et al. (2011), while the model of Sarathy

et al. (2012) reached a maximum of 6.4 cm/s, when compared with the experiment of Sarathy

et al. (2009) (being this experiment set in slightly different initial conditions when compared

with the others). More data on the errors is presented in section B.2, in appendix A.

Figure. 4.2: Laminar flame speed of ethanol/air combustion from various works, 𝑇 = 298𝐾,
𝑝 = 1𝑎𝑡𝑚.
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Figure 4.2 shows the results for ethanol. Experimental values for laminar flame

speed, similarly to what happened in the comparison for n-butanol, present differences, even

though the experimental condition are very similar. According to van Lipzig et al. (2011), me-

asurements in lower equivalence ratios are affected by flame instabilities in this condition, thus

implying that these values may differ. For kinetic schemes, the greatest differences can be seen,

specially the one from Sarathy et al. (2012), which presents much lower values in compari-

son with the other schemes and experiments. The schemes from Marinov (1999) and Konnov

et al. (2011) are very similar for lower equivalence ratios, but differ a lot in higher values;

however, the first present a greater agreement with the experimental data.

For ethanol, the model of Marinov (1999) can be considered very fit for represen-

ting the combustion of this fuel, presenting a maximum standard deviation of 4 cm/s, in relation

to the experiment from Konnov et al. (2011), however, it could not converge for fuel/air equi-

valence ratios greater than 1.3. The model of Konnov et al. (2011) can be considered fairly, but

not much adequate to the evaluation, presenting a maximum standard deviation of 5.3 cm/s. On

the other hand, the scheme from Sarathy et al. (2012) could not be, initially, considered fit for

the simulations, because it not only presented a relatively high value for standard deviation in

comparison with the experiments (maximum of 6.3 cm/s, in comparison with the one from van

Lipzig et al. (2011)) but also when compared with the other models, presenting a maximum of

9 cm/s with the one from Konnov et al. (2011). Additionally, it can be seen that, while the other

two present laminar flame speed values a bit higher than the experimental ones, they are lower

for the one from Sarathy et al. (2012). It implies that the chosen model, validated for butanol

isomers, would not be valid for ethanol.

4.2 Blends Simulation through Scheme for Butanol Isomers

As previously explained, simulations for blends using the scheme from Sarathy

et al. (2012) were made. The relation between the laminar flame speed of the five blends, namely

E100 (0% n-butanol, 100% ethanol), B25 (25% n-butanol, 75% ethanol), B50 (50% n-butanol,

50% ethanol), B75 (75% n-butanol, 25% ethanol) and B100 (100% n-butanol, 0% ethanol), and

that of pure ethanol, is presented in figure 4.3.
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Figure. 4.3: Relation between laminar flame speeds for blends and that of pure ethanol, evalua-
ted through the scheme from Sarathy et al. (2012), 𝑇 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.

Due to the lack of experiments for blends between both fuels, simulated results

could not be validated. However, by visually analyzing the curves it can be noticed that laminar

flame speeds increase by the addition of n-butanol in the mixture, being the curve for n-butanol

higher than the one for ethanol. This condition is the opposite of what would be expected for

these fuels at atmospheric pressure, as concluded in Broustail et al. (2011). In that work both

fuels were tested at the same pressure and temperature. It corroborates the conclusion that the

scheme from Sarathy et al. (2012) is not adequate to the simulation of ethanol and blends

between ethanol and n-butanol.

4.3 Development and Validation of Combined Scheme for Ethanol + N-Butanol

For not being considered valid to simulate n-butanol and ethanol at the same time,

the scheme from Sarathy et al. (2012) was discarded from the present study, and due to the lack
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of validated schemes for this condition, a new one was developed for the simulation of ethanol,

n-butanol and their blends. As previously explained, this new scheme was created through the

fusion of two known kinetic schemes, one for each fuel, namely the one from Marinov (1999)

for ethanol and the one from Sarathy et al. (2009) for n-butanol. 11 new species and 155 reac-

tions were added. The new scheme presented 129 species and 1033 reactions, being removed

duplicates from the mechanism of ethanol. This model was later tested for laminar flame speed

for both fuels, then compared with data from experiments from the literature, also with the

original schemes and the others previously evaluated.

Figure. 4.4: Laminar flame speed of n-butanol/air combustion from previous analysis and the
new scheme, 𝑇 = 353𝐾, 𝑝 = 1𝑎𝑡𝑚. * Values from Sarathy et al. (2009) evaluated at 𝑇 = 350𝐾
and 𝑝 = 0.89𝑎𝑡𝑚.

Figure 4.4 shows results for the laminar flame speed of the combustion of n-butanol.

The new scheme presents better agreement with experimental results than the previous schemes,

specially those of Liu et al. (2011), with a standard deviation of 1 cm/s. The greatest difference

appears when comparing with speeds measured in the work of Sarathy et al. (2009) (standard

deviation of 4.6 cm/s), which is not too high. When compared with the other schemes, the
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curve for the new one positions itself between the ones from Sarathy et al. (2009) and Sa-

rathy et al. (2012), presenting a standard deviation of 3.5 and 1.7 cm/s, respectively. Values for

laminar flame speed are slightly higher than those from the original scheme, possibly due to

reactions present in the scheme for ethanol (Marinov, 1999) that present high heat production

rates.

Figure. 4.5: Laminar flame speed of ethanol/air combustion from previous analysis and the new
scheme, 𝑇 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.

Figure 4.5 shows results for ethanol. For this fuel, the new scheme presents good

agreement with the experimental values, specially with those from the work of van Lipzig

et al. (2011), presenting a standard deviation of only 0.9 cm/s. The maximum difference is

noticed when comparing with data from Konnov et al. (2011) (standard deviation of 3.7 cm/s),

however, it is the kinetic scheme that presents the closest results when compared with that

experiment. When compared with the other models, its curve is positioned between that of

(Marinov, 1999) and the one of Konnov et al. (2011), being also higher than that from Sarathy

et al. (2012). New values are also slightly higher than those from the original scheme, possibly

due to reactions present in the scheme for n-butanol (Sarathy et al., 2009) that present high
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heat production rates, and are activated by the burning of ethanol. Other values for standard

deviations are presented in section B.2, in the appendix A.

Considering the results presented here, the new scheme can be considered valida-

ted for laminar flame speed for both fuels. This condition theoretically enables the scheme to

correctly analyze blends between both fuels.

4.4 Blends Simulation through the New Scheme

After the development and validation of the new scheme for ethanol and n-butanol,

the simulations described in section 4.2 were repeated using it. Fuel-air equivalence ratios were

set to the range between 0.6 and 1.4 for all blends, and results for laminar flame speed were

taken. Additionally, temperature profiles for the stoichiometric proportion (equivalence ratio of

1) were taken, as well as mass fractions of 𝐶2𝐻5𝑂𝐻 (ethanol), 𝐶4𝐻9𝑂𝐻 (n-butanol), 𝑂2, 𝐶𝑂2,

𝐻2𝑂 and 𝐶𝑂, as a function of the temperature. Results are presented in the graphics below.

Figure. 4.6: Relation between laminar flame speeds for blends and that of pure ethanol, evalua-
ted through the new scheme, 𝑇 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.
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Figure 4.6 relates laminar flame speeds of blends and those of pure ethanol. Values

are tabled in section B.1 of the appendix B. By analyzing this graphic it can be seen that ethanol

speeds are superior to n-butanol speeds in all equivalence ratios, something also concluded in

the work of Broustail et al. (2011). Additionally, values for the blends lie proportionally in

between the ones for pure fuels, seemingly following the formula:

𝑆L(𝐵𝑋, 𝜑) =
𝑋

100
𝑆L(𝐵100, 𝜑) + (1− 𝑋

100
)𝑆L(𝐸100, 𝜑), (4.1)

which is consistent with the results calculated by the REGATH simulations, presenting a stan-

dard deviation of 0.2, 0.25 and 0.2 cm/s for B25, B50 and B75, respectively. This relation has

yet to be tested, considering that experimental works on mixtures between other kinds of fuels

present non linear relations (Broustail et al., 2011).

The influence of the molecular formula in the laminar flame speed of pure fuels is

a much studied subject. Reynolds and Gerstein (1948), as cited in Coelho and Costa (2012), in-

vestigated this relation for alkanes (𝐶n𝐻2n+2), alkenes (𝐶n𝐻2n) and alkynes (𝐶n𝐻2n−2), stating

that for the latter two groups, the lower the number of carbon atoms, the higher the flame speed,

while for the first, they could not notice any significant variation. Perhaps for alcohols with

such a difference in the number of carbon atoms (4 for n-butanol and 2 to ethanol) this charac-

teristic plays an important role, explaining the behavior identified in this and other (Broustail

et al., 2011) studies. However, as affirmed in the work of Coelho and Costa (2012), thermal

diffusivity and flame temperature have a much greater influence in this characteristic, therefore,

this study cannot jump to final conclusions on this issue.

Figures 4.7 to 4.12 present values for temperature profiles as a function of the dis-

tance from the center of the flame (𝑥 [mm]) and mass fractions for the selected species for the

combustion of pure n-butanol and ethanol. The fuel/air equivalence ratio is one (stoichiometric

combustion) for all graphics.
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Figure. 4.7: Temperature profile for B100 and E100, 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.

Figure. 4.8: Mass fraction of 𝑂2, 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.



69

Figure. 4.9: Mass fractions of pure fuels (ethanol and n-butanol), 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.

Figure. 4.10: Mass fraction of 𝐻2𝑂, 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.
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Figure. 4.11: Mass fraction of 𝐶𝑂2, 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.

Figure. 4.12: Mass fraction of 𝐶𝑂, 𝑇0 = 298𝐾, 𝑝 = 1𝑎𝑡𝑚.
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The figures 4.7 to 4.12 show some characteristics of the burning of ethanol and n-

butanol. First of all, n-butanol presents a slightly higher maximum temperature (2245 K), being

considered a hotter flame when compared to the one of ethanol (2234 K). This characteristic

might provoke slightly higher 𝑁𝑂X emissions, at least the thermal produced (Turns, 2012),

but this condition cannot be verified due to the absence of those species in the new kinetic

scheme. It can also be seen that the flame of pure n-butanol reaches its maximum temperature

value at a longer distance from the center of the simulated geometry than that of pure ethanol,

perhaps indicating that the previous is a slower flame (corroborating the conclusions from the

graphics for laminar flame speed). The graphics for mass fractions, on the other hand, show

clearly the differences in the production of water between the combustion of n-butanol and

ethanol, being higher for the latter. Additionally, they show that n-butanol presents a delayed

and lower production of CO, also showing its peak at a higher temperature than that of ethanol,

which may affect emissions of this gas. Finally, it can be seen that the consumption behaviors

of the fraction of pure fuels differ, considering that the ethanol fraction is only fully consumed

at a higher temperature than that of n-butanol. These graphics were plotted as a function of the

temperature 𝑇 , due to the temperature-dependency in the formation of species; besides, due to

the scale of the temperature and species formation profiles, restricted to a very small interval in

the 𝑥 axis, this kind of graphic was considered more illustrative of the parameters of interest.

Data evaluated for the mixtures in these conditions, as stated before, could not be

verified with experiments, due to the lack of studies for blends between the two fuels. Additio-

nally, experiments for the pure fuels were done in configurations not reproduced in the present

study, both in terms of flame set, fuel-air equivalence ratios, pressure and initial temperature.
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5 CONCLUSIONS AND FUTURE WORK PERSPECTIVES

5.1 Conclusions

Kinetic schemes available in the literature for ethanol and n-butanol were compared

to experimental data for laminar flame speed in a one-dimensional premixed flame configura-

tion, being validated or not. For n-butanol, both schemes, the one presented in the work of Sa-

rathy et al. (2012) and that of Sarathy et al. (2009), presented good agreement with experiments

described in the literature, presenting maximum standard deviations of 6.42 cm/s (compared to

different pressures and temperature) and 3.82 cm/s, respectively, when compared to the expe-

riments of Sarathy et al. (2009) and Liu et al. (2011). For ethanol, the models from the works

of Marinov (1999) presented good agreement with experiments, showing maximum standard

deviations of 4.01 cm/s, while the one from Konnov et al. (2011) showed a fair agreement, with

a maximum standard deviations of 5.26 cm/s, both when compared to data from the work of

Konnov et al. (2011). The model of Sarathy et al. (2012) could not present a good agreement

for ethanol, not only because of its uncertainty values (maximum standard deviation of 6.25

cm/s when compared to the speeds from van Lipzig et al. (2011)) but also for presenting spe-

eds much lower than those of the other schemes. This conclusion was corroborated by the fact

that the simulated curve for pure ethanol was positioned lower than that of pure n-butanol at

the same pressures and initial temperatures, which is the opposite of what is found in reported

experiments in the literature (Broustail et al., 2011). Therefore, it can be concluded that the

scheme of Sarathy et al. (2012) is not fit for the evaluation of blends, being discarded from

further evaluations.

Due to the lack of simple combined schemes for both ethanol and n-butanol, a new

one was developed, combining the reactions and properties from the validated models of Mari-

nov (1999) for the first fuel and of Sarathy et al. (2009) for the latter. Curves for laminar flame

speed presented good agreement with the values from experiments reported in the literature,

presenting a maximum standard deviation of 3.75 cm/s for ethanol and 3.00 cm/s for n-butanol.

The new scheme was then used for the simulation of blends between both fuels, presenting

curves in positions that agree with experiments. Additionally, theoretical curves for tempera-

ture profiles and species mass fractions were raised, presenting variations in the behavior of the



73

mixture depending on the fraction of each pure fuel.

The work presented here fulfilled its initial objectives, being able to raise data for

the behavior of mixtures between ethanol and n-butanol through a validated model. The ma-

nipulation of kinetic schemes was able to produce a new model that could precisely define

laminar flame speeds for both pure fuels. It is important to notice that, in this case, the fusion of

schemes showed flame speeds that were higher than those of the original models, possibly due

to the high number of common reactions (228, or 60% of the scheme of Marinov (1999)) and

species (46, or 81% of those of Marinov (1999)). Perhaps the number of new reactions for the

original species also influenced the behavior of n-butanol, changing the rates of production of

these species and, thus, changing the flame speed. Further works should explore the chemical

behavior of the fusion of kinetic schemes in a deeper approach.

5.2 Future work perspectives

The present work intended to begin studies on the combustion of mixtures between

two biofuels, ethanol and n-butanol. Results obtained here perhaps raise more questions than

answers. The combustion behavior of each of the fuels, in their pure form, is not yet well

understood, therefore, there is a long way to go until a good comprehension of the burning

behavior of their mixtures. Additionally, the manipulation of kinetic schemes is not an exact

science, and different methods of combining models may present very different results. Some

suggested themes for future studies are:

∘ To run experiments on the combustion of both pure fuels and their mixtures, in the same

configurations, in order to raise data for laminar flame speed, species mass fractions (in

JSR, for example), ignition characteristics, quenching, among others, enabling a more

complete validation of the scheme developed in the present work and others to be deve-

loped further;

∘ To add and evaluate mechanisms for other substances to the kinetic scheme, such as 𝑁𝑂

and 𝑁𝑂X (pollutant emissions) and/or 𝐶𝐻* and 𝑂𝐻* (involved in light emissions);

∘ To validate the chemical scheme previously developed in other flame configurations, such

as laminar counterflow diffusion flames or even turbulent flames;
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∘ To add other fuels to the kinetic scheme, such as gasoline, diesel and biodiesel surrogates,

developing a broader scheme, to be validated.

∘ To broaden the research on kinetic schemes, developing and validating new schemes for

both fuels, based on other models available in the literature, or to run detailed studies on

the behavior of the reactions involved in the burning of each pure fuel, finding new ones

and improving the known reactions;

∘ To better study the chemical interaction between ethanol and n-butanol, not only in terms

of solubility but also changes in the physicochemical behavior of the mixture;

∘ To develop methods for the combination of kinetic schemes, preserving original cha-

racteristics or calibrating it in order to correctly simulate the actual behavior of the

combustion of more than one fuel.
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APENDIX A – Conservation Equations for Laminar Reacting

Flows

Along with the chemical kinetics of combustion processes, to take into account the

particularities of the flow, in terms of thermodynamics and fluid mechanics, is also important

to understand it. Combustion is a very complex phenomenon, therefore, in order to be able to

describe it mathematically it is necessary to simplify its formulation to an easier form.

The conservation equations are the ones able to describe complex flow phenomena

in the fields of thermodynamics and fluid mechanics. For the purposes of the present work,

considering the flame set and the computational tools used in the project, it is interesting to treat

the combustion in one particular situation: a steady flow for a one-dimensional planar geometry,

as seen in the figure A.1.

Figure. A.1: Coordinate systems for planar flames, spherically symmetric flames (droplet bur-
ning) and axysymmetric flames (jet flames). Source: Turns (2012).

It is important to notice that this formulation is not valid for turbulent flows, due

to complex, multicomponent diffusion that affects the flame propagation (Turns, 2012). For

the present work, however, the physics of the studied phenomenon, the laminar flame, can be

easily captured by the following equations. The theory here described is the one available in the
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Chapter 7 of Turns (2012).

A.1 Mass Conservation

In a general form, considering the flow in a determinate control volume, mass varia-

tions can be understood as density variations as function of time and space, as stated in equation

A.1:

𝑑𝜌

𝑑𝑡
+∇ · (𝜌𝑉 ) = 0, (A.1)

for 𝑡 the time, 𝜌 the local density and 𝑉 the velocity vector.

In a unidimensional, axial form, the equation A.1 can be considered:

𝑑𝜌

𝑑𝑡
= −𝜕(𝜌𝑣x)

𝜕𝑥
, (A.2)

for 𝜌 the local density, 𝑣x the axial velocity and 𝑥 the axial distance. In the case of steady flow,

𝑑𝜌/𝑑𝑡 = 0,

𝜕(𝜌𝑣x)

𝜕𝑥
= 0, (A.3)

or

𝜌𝑣x = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (A.4)

For the case of a spheric flame, for example, a formulation for a spherical coordinate

system is given by:

1

𝑟2
𝜕

𝜕𝑟
(𝑟2𝜌𝑣r) +

1

𝑟𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃
(𝜌𝑣θ𝑠𝑖𝑛𝜃) +

1

𝑟𝑠𝑖𝑛𝜃

𝜕(𝜌𝑣φ)

𝜕𝜑
= 0, (A.5)

which, simplifying for a 1-D spherically symmetric system, in which 𝑣θ = 𝑣φ = 0, and the

operators 𝜕/𝜕𝜃 = 𝜕/𝜕𝜑 = 0, the equation A.5 becomes:

1

𝑟2
𝑑

𝑑𝑟
(𝑟2𝜌𝑣r) = 0, (A.6)
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or

𝑟2𝜌𝑣r = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (A.7)

A.2 Species Conservation

The theory behind the species conservation is quite complex, and can be better

understood in the chapters 3 and 7 of the work of Turns (2012). In a general form, the vector

form for mass conservation of the ith species can be expressed by:

𝜕(𝜌𝑌i)

𝜕𝑡
⏟  ⏞  

Rate of gain
of mass of

species i per
unit volume

+ ∇ · �̇�i
′′

⏟  ⏞  

Net rate of
mass flow of
species i out

by diffusion and
bulk flow per
unit volume

= �̇�i
′′′

⏟ ⏞ 

Net rate of
mass production

of species i
per unit volume

𝑓𝑜𝑟 𝑖 = 1,2, . . . , 𝑁, (A.8)

for 𝑌i the mass concentration of the species and 𝑚i its mass. Bulk flow is the flux of the biggest

part of the mixture. The mass flux of 𝑖, �̇�i
′′, can be defined as:

�̇�i
′′ ≡ 𝜌𝑌i𝑣i, (A.9)

in which 𝜌 is the density and 𝑣i is the species velocity. This value is composed by the bulk

velocity, 𝑉 , and its diffusion velocity, 𝑣i,diff , in the form:

𝑣i = 𝑉 + 𝑣i,diff . (A.10)

𝑣i,diff depends on the diffusion mode that happens in the flow, being a function of diffusivity.

Finally, the equation A.8 can be rewritten as:

𝜕(𝜌𝑌i)

𝜕𝑡
+∇ · [𝜌𝑌i(𝑉 + 𝑣i,diff )] = �̇�i

′′′, 𝑓𝑜𝑟 𝑖 = 1,2, . . . , 𝑁. (A.11)
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A.3 Momentum Conservation

Turns (2012) presents a complete and very intricate explanation for the momentum

conservation in the chapter 7 of its work, however, it does not present a general form. On the

other hand, the work of Coelho and Costa (2012) presents this form in a different notation.

Summarizing, it defines the momentum conservation equation as:

𝜌
𝜕�⃗�

𝜕𝑡
+ 𝜌�⃗� · ∇�⃗� = −∇𝑝+∇ · [𝜇[∇�⃗� + (∇�⃗�)T ]− 2

3
𝜇(∇ · �⃗�)⃗⃗𝐼] + 𝜌�⃗�, (A.12)

for �⃗� the velocity vector, 𝜌 the density, ∇ the vector differential operator, 𝜇 the viscosity, ⃗⃗𝐼 the

identity tensor and �⃗� the gravity vector. The vectors are given by:

�⃗� = 𝑣x�̂�+ 𝑣y �̂� + 𝑣z𝑘 = 𝑣r𝑒r + 𝑣θ𝑒θ + 𝑣z𝑘 = 𝑣r𝑒r + 𝑣θ𝑒θ + 𝑣φ𝑒φ; (A.13)

�⃗� = 𝑔x�̂�+ 𝑔y �̂� + 𝑔z𝑘 = 𝑔r𝑒r + 𝑔θ𝑒θ + 𝑔z𝑘 = 𝑔r𝑒r + 𝑔θ𝑒θ + 𝑔φ𝑒φ; (A.14)

∇ =
𝜕

𝜕𝑥
�̂�+

𝜕

𝜕𝑦
�̂� +

𝜕

𝜕𝑧
𝑘 =

𝜕

𝜕𝑟
𝑒r +

1

𝑟

𝜕

𝜕𝜃
𝑒θ +

𝜕

𝜕𝑧
𝑘 =

𝜕

𝜕𝑟
𝑒r +

1

𝑟

𝜕

𝜕𝜃
𝑒θ +

1

𝑟𝑠𝑖𝑛𝜃

𝜕

𝜕𝜑
𝑒φ; (A.15)

⃗⃗
𝐼 =

⎛

⎜
⎜
⎜
⎝

1 0 0

0 1 0

0 0 1

⎞

⎟
⎟
⎟
⎠

(A.16)

for 𝑥, 𝑦 and 𝑧 the axis and �̂�, �̂� and 𝑘 the respective unity vectors in Cartesian coordinates, 𝑟, 𝜃

and 𝑧 the directions and 𝑒r, 𝑒θ and 𝑘 the respective unity vectors in cylindrical coordinates and

𝑟, 𝜃 and 𝜑 the directions and 𝑒r, 𝑒θ and 𝑒φ the respective unity vectors in spherical coordinates.

For one-dimensional forms of flame the formulation for momentum conservation is

quite simple. It can be applied to both 1-D planar and spherical systems. Both viscous forces and
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gravitational forces are neglected, leaving only those due to pressure acting on the flow. For a

given control volume, in a steady-state situation, the sum of all forces acting in a given direction

equals the net flow of momentum going out of the control volume in the same direction, as stated

by equation A.17

∑︁

𝐹 = �̇�𝑣out − �̇�𝑣in, (A.17)

for �̇� the mass flux, 𝑣in the velocity of the flow entering the control volume and 𝑣out the velocity

of the flow leaving it. For the forces of pressure 𝑃 acting on equal surfaces 𝐴, equation A.17

can be rewritten as:

(𝑃𝐴)in − (𝑃𝐴)out = �̇�𝑣out − �̇�𝑣in, (A.18)

which can be derived by 𝑥 and divided by the area, giving the taxes for the forces in the fol-

lowing ordinary differential equation:

− 𝑑𝑃

𝑑𝑥
= �̇�′′

𝑑𝑣x
𝑑𝑥

, (A.19)

or, given that �̇�′′ = 𝜌𝑣x, being expressed as:

− 𝑑𝑃

𝑑𝑥
= 𝜌𝑣x

𝑑𝑣x
𝑑𝑥

, (A.20)

the one-dimensional form of the Euler equation. Considering a laminar premixed flame, confi-

guration used in the present work, it can be assumed that kinetic energy change across the flame

is small, so:

𝑑(𝑣2x/2)

𝑑𝑥
= 𝑣x

𝑑𝑣x
𝑑𝑥

≈ 0, (A.21)

simplifying the equation for momentum to:

𝑑𝑃

𝑑𝑥
= 0, (A.22)

implying that the pressure is constant through the flow field.
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A.4 Energy Conservation

Energy conservation is a thermodynamic concept expressed in the following general

equation (Coelho and Costa, 2012):

𝜕(𝜌ℎ)

𝜕𝑡
+∇ · (𝜌�⃗�ℎ) = ∇ · ( 𝜆

𝑐p
∇ℎ)−∇ · [

N∑︁

i=1

(1− 1

𝐿𝑒i
)
𝜆

𝑐p
ℎi∇𝑦i] + 𝑞′′′R , (A.23)

for ℎ the specific enthalpy of the mixture, 𝜆 the thermal conductibility, 𝑐p the specific heat of the

mixture, while 𝐿𝑒i is the Lewis number, ℎi the specific enthalpy and 𝑦i the mass fraction of the

𝑖th species; 𝑞′′′R is the energy generation for volume unit through radiation. The Lewis number

is, in general, very close to 1, and is given by the equation:

𝐿𝑒 =
𝜆

𝜌𝑐p𝐷M
, (A.24)

for 𝐷M the mass diffusivity.

Simplifying for a unidimensional control volume, it can be represented by the fol-

lowing form of the First Law of Thermodynamics:

(�̇�′′

in − �̇�′′

out)𝐴− �̇�cv = �̇�′′𝐴[(ℎ+
𝑣2x
2

+ 𝑔𝑧)out − (ℎ+
𝑣2x
2

+ 𝑔𝑧)in], (A.25)

for �̇�′′ the heat flux as a function of the area 𝐴, �̇�cv the work produced by the system, �̇�′′ the

mass flux in terms of the area, ℎ the specific enthalpy, 𝑣x the axial velocity, 𝑔 the gravitational

acceleration and 𝑧 the vertical position. In the cases evaluated in the present work, some con-

siderations are made: (1) steady state, (2) no work done by the control volume, (3) no changes

in potential energies. Rearranging, dividing by the area and deriving in relation to 𝑥, equation

A.25 becomes:

− �̇�′′

x

𝑑𝑥
= �̇�′′(

𝑑ℎ

𝑑𝑥
+ 𝑣x

𝑑𝑣x
𝑑𝑥

). (A.26)

Assuming there is no radiation, but considering the diffusion and the conduction contribution

to the heat flux, its value can be determined as:
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�̇�′′

x = −𝑘∇𝑇 +
∑︁

�̇�′′

i,diffℎi, (A.27)

for 𝑘 the constant for conduction and �̇�′′

i,diff the diffusional flux of the 𝑖th species.

The equation A.27 can be derived in relation to 𝑥, and equaled to the equation A.26,

generating the the final one-dimensional energy conservation equation:

∑︁

�̇�′′

i

𝑑ℎi

𝑑𝑥
+

𝑑

𝑑𝑥
(−𝑘

𝑑𝑇

𝑑𝑥
) + �̇�′′𝑣x

𝑑𝑣x
𝑑𝑥

=
∑︁

ℎi�̇�
′′′

i . (A.28)

The further development of this equation is quite complicated, and is available in

details in the chapter 7 of the work of Turns (2012). For the applications of the present work, it

can be assumed that the Lewis number (𝐿𝑒 = 𝑘/𝜌𝑐p𝐷AB) is equal to 1, an assumption that pro-

duces the simplified Shvab-Zeldovich Forms. For a one-dimensional planar flame configuration,

neglecting the effects of kinetic energy changes, the following formulation can be produced:

�̇�′′
𝑑
∫︀
𝑐p𝑑𝑇

𝑑𝑥
+

𝑑

𝑑𝑥
[−𝜌𝐷

𝑑
∫︀
𝑐p𝑑𝑇

𝑑𝑥
] = −

∑︁

ℎ0
f,i�̇�

′′′

i , (A.29)

for which the 𝑐p is the specific heat, 𝐷 the diffusivity of a certain mixture and ℎ0
f,i is the for-

mation enthalpy for the species 𝑖. In this equation, the first term represents the rate of sensible

enthalpy transported by convection (advection) per unit of volume [𝑊/𝑚3], the second, the

rate of sensible enthalpy transported by diffusion per unit of volume and the third, the rate of

sensible enthalpy producted by chemical reaction per unit of volume.
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APENDIX B – Tables

B.1 Laminar Flame Speed

Table. B.1: Laminar Flame Speed for Models and Experiments for N-Butanol, 𝑇 = 353𝐾,
𝑝 = 1 𝑎𝑡𝑚

Phi Sarathy
et al. (2009)*

Liu
et al. (2011)

Zhang
et al. (2013)

Model
from

Sarathy
et al. (2009)

Model
from

Sarathy
et al. (2012)

New
Model

0.5 X X X 7.17 10.32 9.04
0.6 X X X 15.51 19.46 17.9
0.7 X 27.85 X 24.17 28.96 27.2
0.8 29.76 36.91 35.4 32.09 37.6 35.74
0.9 36.6 42.95 39.7 38.66 44.63 42.75
1 43.65 47.32 43.9 43.42 49.53 47.68

1.1 47.51 49.33 45.5 45.62 51.65 49.81
1.2 45.19 47.65 45.5 44.64 50.53 48.62
1.3 X 42.62 39.2 39.72 45.44 43.43
1.4 X 33.56 33.4 31.12 36.26 34.5
1.5 X 26.51 25.4 21.65 24.66 24.53
1.6 X 17.11 X X X X

* experiment at 𝑇 = 350𝐾, 𝑝 = 0.89 𝑎𝑡𝑚
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Table. B.2: Laminar Flame Speed for Models and Experiments for Ethanol, 𝑇 = 298𝐾, 𝑝 =
1 𝑎𝑡𝑚

Phi Konnov
et al. (2011)

van Lipzig
et al. (2011)

Model
from Mari-
nov (1999)

Model
from

Konnov
et al. (2011)

Model
from

Sarathy
et al. (2012)

New
Model

0.50 X X 7.07 6.08 X 6.17
0.60 X 14.39 15.24 13.56 10.24 13.77
0.70 17.30 22.37 24.08 22.61 17.56 22.41
0.80 26.20 30.43 31.96 31.60 24.75 30.73
0.90 34.50 37.29 38.06 39.36 30.80 37.82
1.00 40.10 42.16 41.88 45.05 35.05 42.98
1.10 42.50 44.29 43.00 48.01 36.96 45.59
1.20 42.00 43.36 40.93 47.51 35.95 44.96
1.30 X X 35.14 42.80 31.44 40.36
1.40 X X X 33.89 23.82 31.86
1.50 X X X 23.26 15.28 X
1.60 X X X 15.74 X X
1.70 X X X 12.29 X X
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Table. B.3: Laminar Flame Speed for Blends through the scheme from Sarathy et al. (2012),
𝑇 = 298𝐾, 𝑝 = 1 𝑎𝑡𝑚

Phi E100 B25 B50 B75 B100

0.50 X X 5.42 6.12 6.84
0.60 10.24 11.06 11.92 12.83 13.82
0.70 17.56 18.40 19.26 20.19 21.34
0.80 24.75 25.47 26.21 27.07 28.31
0.90 30.80 31.36 31.97 32.74 34.04
1.00 35.05 35.50 35.99 36.68 38.07
1.10 36.96 37.30 37.71 38.35 39.81
1.20 35.95 36.24 36.63 37.26 38.84
1.30 31.44 31.73 32.14 32.80 34.47
1.40 23.82 24.11 24.52 25.16 26.74
1.50 15.28 X X X X

Table. B.4: Laminar Flame Speed for Blends through the new scheme, 𝑇 = 298𝐾, 𝑝 = 1 𝑎𝑡𝑚

Phi E100 B25 B50 B75 B100

0.60 13.77 13.47 13.18 12.90 12.62
0.70 22.41 21.76 21.14 20.54 19.94
0.80 30.73 29.69 28.68 27.71 26.78
0.90 37.82 36.39 35.02 33.70 32.44
1.00 42.98 41.24 39.56 37.96 36.46
1.10 45.58 43.55 41.64 39.84 38.18
1.20 44.96 42.75 40.71 38.82 37.12
1.30 40.36 38.10 36.08 34.24 32.65
1.40 31.86 29.81 28.06 26.50 25.17
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B.2 Standard Deviation for Schemes

Standard deviation is a calculated value for the uncertainty of a group of values,

given by the formula:

𝜎 =

⎯
⎸
⎸
⎸
⎸
⎷

N∑︁

i=1

(𝑆L,i − 𝑆L)
2

𝑁
, (B.1)

where 𝑆L,i is the laminar flame speed of a certain scheme at a certain equivalence ratio and 𝑆L

is its experimental counterpart in a certain experimental work. The square root of the arithmetic

mean of difference (𝑆L,i − 𝑆L)
2, for 𝑁 equivalence ratios, is the standard deviation.

Tables B.5 and B.6 present calculated values for standard deviation (𝜎) for schemes

evaluated in the present work.

Table. B.5: Standard Deviation for Ethanol Models, in cm/s

Model
from Mari-
nov (1999)

Model
from

Konnov
et al. (2011)

Model
from

Sarathy
et al. (2012)

New
Model

Konnov et al. (2011) 4.01 5.26 4.26 3.75
van Lipzig et al. (2011) 1.43 2.56 6.25 0.90

Model from
Marinov (1999)

4.01 6.06 2.56

Model from Konnov
et al. (2011)

9.08 1.73

Model from Sarathy
et al. (2012)

7.33

Table. B.6: Standard Deviation for N-Butanol Models, in cm/s

Model from
Sarathy

et al. (2009)

Model from
Sarathy

et al. (2012)

New Model

Liu et al. (2011) 3.82 2.15 0.98
Sarathy et al. (2009) 1.65 6.42 4.62
Zhang et al. (2013) 2.02 4.63 3.00
Model from Sarathy

et al. (2009)
5.14 3.48

Model from Sarathy
et al. (2012)

1.70
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