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Resumen

El combustible diésel esta compuesto por cientos de hidrocarburos cuya
presencia y proporcion varia dependiendo del origen del crudo, del proceso
de refinado, de los requerimientos legislativos, y de muchos otros factores.
Para evitar las dificultades que produce esta variabilidad y complejidad en
su composicion, en los estudios sistematicos, los investigadores suelen
trabajar con combustibles de sustitucion, mucho mas sencillos, pero que
reproducen las propiedades quimicas y fisicas del gasdleo.sL.primeros
combustibles de sustitucion estuvieron formados por un solo componente,
como el nheptano y el ndodecano. Recientemente se han desarrollado
combustibles de sustitucion multtcomponentes, que se aplican tanto a
estudios experimentales como de maelado. La aplicacion sistemética de
combustibles de sustitucion controlados con precisibn es una via
prometedora para mejorar la comprension de la combustién Diesel, su
eficiencia, y sus emisiones y proporciona herramientas para la investigacion
de sistenas de combustion nuevos y alternativos.

En esta tesis se han empleado métodos experimentales y de célculo para
desarrollar, estudiar y validar una libreria de combustibles de sustitucion
multi -componentes. El primer combustible de sustitucién se disefié
reproducir con precision las propiedades fisicas y quimicas de un gaséleo
con numero de cetano 50 y un indice de hollin umbral (TSI) de 31.El
siguiente paso fue crear una biblioteca de combustibles de sustitucién con
18 combustibles que pueden modificar independientemente dos
propiedades clave del combustible: indice de cetano y TSI. En la biblioteca
de combustibles el nimero de cetano oscilé entre 35 y 60 con tres niveles de
TSI iguales a 17, 31 y 48 (bajo, medio y alto rango). Los ensayos segln la
normativa ASTM demostraron una buena coincidencia con las propiedades
del gasbleo como densidad, viscosidad, poder calorifico y curvas de
destilacion.

Para comprobar la validez de la libreria, se realizdé un estudio experimental
comparativo sobre el proceso deombustion, las emisiones gaseosas, hollin
y particulas de un gaséleo y de su combustible de sustitucién ajustado. El
estudio se realizé con un motor monocilindrico Diesel completamente
instrumentado y operando con estrategias de combustién en premezcla
parcial (PPCI) y de baja temperatura (LTC), ademas de la combustién Diesel
convencional (CDC). Los parametros de la combustion como el retraso al
encendido y la liberacién de calor tanto de baja como de alta temperatura se



aproximaron muy bien. Las emisionesle gases, hollin y particulas también
fueron similares al variar el nivel de EGR y la fase de la combustion.

La tesis demuestra que se pueden encontrar combustibles de sustitucion
perfectamente representativos de un gaséleo corriente, en base a mezclas
apropiadas de rhexadecano, 2,2,4,4,6,8,Beptamethylnonano,
decahidronaftaleno y Xmetilnaftaleno. Asimismo, se concluye que variando
la proporcion de estos cuatro componentes se puede controlar
independientemente el nimero de cetano y el indice de hollirmbral, a la
vez que se mantienen las propiedades fisieguimicas y de combustion del
gasoleo. La libreria de combustibles de sustitucion definida en esta tesis es
una herramienta a disposicién de los investigadores para profundizar en el
conocimiento de lacombustion diésel y avanzar en el disefio de sistemas
futuros de combustion con mejor rendimiento y menores emisiones.



Resum

El combustible Diesel esta compost per centenars d'hidrocarburs, la
preséncia i proporcid dels quals varia depenent de l'origemel cru, del
procés de refinat, dels requeriments legislatius, i de molts altres factors. Per
a evitar les dificultats que produeix aquesta variabilitat i complexitat en la
seua composicio, en els estudis sistematics, els investigadors solen treballar
amb combustibles de substitucio, molt més senzills, perd que reprodueixen
les propietats quimiques i fisiques del gasoil. Els primers combustibles de
substitucié van estar formats per un sol component, com eknepta i el n-
dodeca. Recentment s'han desenvolupaombustibles de substitucié multi
components, que s'apliquen tant a estudis experimentals com de modelatge.
L'aplicacio sistematica de combustibles de substitucié controlats amb
precisi6 és una via prometedora per a millorar la comprensié de la
combustié Diesel, la seua eficiéncia, i les seues emissions i proporciona eines
per a la recerca de sistemes de combustié nous i alternatius.

En aquesta tesi s'han emprat métodes experimentals i de calcul per a
desenvolupar, estudiar i validar una llibreria de corbustibles de substitucié
multi -components. El primer combustible de substitucié es va dissenyar per
a reproduir amb precisio les propietats fisiques i quimiques d'un gasoil amb
index de ceta 50 i un index de sutge limit (TSI) de 31. El seglent pas va ser
crear una biblioteca de combustibles de substituci6 amb 18 combustibles
que poden modificar independentment dues propietats clau del
combustible: index de ceta i TSI. En la biblioteca de combustibles I'index de
ceta va oscil-lar entre 35 60 amb tres nivid de TSl iguals a 17, 31 i 48 (baix,
mitja i alt rang). Els assajos segons la normativa ASTM van demostrar una
bona coincidéncia amb les propietats del gasoil com a densitat, viscositat,
poder calorific i corbes de destil-lacio.

Per a comprovar la validea de la llibreria, es va realitzar un estudi
experimental comparatiu sobre el procés de combustid, les emissions
gasoses, sutge i particules d'un gasoil i del seu combustible de substitucié
ajustat. L'estudi es va realitzar amb un motor monocilindric Diéde
completament instrumentat i operant amb estrategies de combustié en
premescla parcial (PPCI) i de baixa temperatura (LTC), a més de la
combusti6é Diésel convencional (CDC). Els parametres de la combustié com
el retard a l'encés i l'alliberament de calor ant de baixa com d'alta
temperatura es van aproximar molt bé. Les emissions de gasos, sutge i
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combustio.

La tesi demostra que es poden trobar combustibles de substitucio
perfectament representatius d'un gasoil corrent, sobre la base de mescles
apropiades de nhexadeca, 2,2,4,4,6,8;Beptamethylnona, decahidronaftalé

i 1-metilnaftaleno. Aixi mateix, es conclou que variant la proporcié d'aquests
guatre components es pot controlar indpendentment l'index de ceta i
I'index de sutge limit, alhora que es mantenen les propietats fisguimiques

i de combusti6 del gasoil. La llibreria de combustibles de substitucié definida
en aquesta tesi és una eina a la disposicio dels investigadors pepaofundir

en el coneixement de la combusti6 Diesel i avancar en el disseny de sistemes
futurs de combustié amb millor rendiment i menors emissions.



Abstract

Diesel fuel is composed of a complex mixture of hundreds of hydrocarbons
that vary globally depending on crude oil sourcs, refining processes
legislative requirements and other factors In order to simplify the study of
this fuel, researchers crea® surrogate fuels with a much simpler
composition, in an attempt to mimic and control the physicaland chemical
properties of Diesel fuel. The first surrogates were singlecomponent fuels
such as nheptane and ndodecane. Recent advancementshave provided
researchers the ability to develop multicomponent surrogate fuels and
apply them to both analytical and experimental studies The systematic
application of precisely controlled surrogate fuels promises tofurther
enhance our understanding of Diesel combustion, effiarey, emissions and
particulates and provide tools for investigating new andalternative engine
combustion systems.

This thesis employed analytical and experimental methods to develop,
validate and study a library of multtcomponent surrogate Diesel fuelsThe
first step was to design aurrogate fuelto precisely match the physial and
chemical properties of a full-range petroleum Diesel fuel with 50 cetane
number and a typical threshold soot index value of 31The next step was to
create aSurrogate Fuel Librarywith 18 fuels thatindependently varied two
key fuel properties: @tane number and threshold soot index. Within the
fuel library cetane number ranged from 35 to 60at three threshold soot
indexlevels of17, 31 and 4§low, mid-range and high) Extensive ASTM fuel
property tests showedthat good agreement withimportant physical and
chemical properties of petroleum Diesel fuel such as density, viscosity
heating valueand distillation curve.

An experimental investigation was conducted to evaluate the combustion,
emissions, soot and exhaust particles from the petroleumi@sel fuel and the
matching surrogate fuel. Aully-instrumented single-cylinder Diesel engine
was operated with combustion strategies including Premixed Charge
Compression Ignition PCC), Low-Temperature mbustion (LTC) and
Conventional Diesel @mbustion (CDC) For combustion, the ignition delay,
low-temperature (first stage) and high temperature (second stage)heat-
release matched very well. Gaseous emission®o$ and exhaust particles
maintained good agreement as exhaust gas recirculation dncombustion
phasing were varied.



This thesis demonstrated thatfully representative Diesel surrogate fuels
could be tailored with the proper blending of the following hydrocarbon
components: nhexadecane, 2,2,4,4,6,88eptamethylnonane,
decahydronaphthalene and imethylnaphthalene. It was also established
that the volumetric blending fractions of these four components could be
varied to independently control the fuel cetanenumber and threshold soot
index while retaining the combustion, physical and chemical properes of
full-range petroleum Diesel fuel. The Surrogate Fuel Library provided by
this thesis supplies Diesel engine researchers and designers the ability to
analytically and experimentally vary fuel cetanenumber and threshold soot
index. This new capability to independently vary two key fuel properties
provides a means to further enhance the understanding of Diesel
combustion and design future combustion systems that improve étiency
and emissions.
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1.1. General Context

The internal combustion Diesel engine is a highlyersatile power plant for
industrial applications and personal mobility. Diesel engines enjoy
advantages in efficiency, specific torque, durability, scalability and fuel
adaptability [1.1] [1.2] [1.3]. As a resultof its importance to society
researchers continue togain understanding andexplore novel combustion
systemswhile engine developmentengineers work to introduce new Diesel
combustion technologiesinto production [1.4] [1.5] [1.6] [1.7] [1.8]. The
continuous improvement of Diesel engine performance, fuel economy, and
emissions is required to achievehe complex needof society[1.9] [1.10].

The application of single-component surrogate fuels, such as-heptane for
combustion kinetics and n-dodecane for physical properties, are well
understood, highly utilized and greatly valued. Through combustion
simulation or experimental work, single-componentsurrogateshave played
a significant role © expand the fundamental understanding of Diesel
combustion. As engineering tools, singleomponent surrogates haveyuided
the development of conventional and novel Diesel combustion systems
[1.11] [1.12] [1.13][1.14]. Tofurther advancethe understanding of Diesel
combustion, fully-representative multi-component surrogate fuels are
required. This innovation wouldallow engineers to independentlycontrol
key fuel properties such ascetane number and the threshold soot index
Recent advances havéargely increased the number of pure hydrocarbon
fuel components that may baised to formulateDiesel surrogate fues[1.15]
[1.16]. However, & researchers strive to match theombustion and physical
properties of Diesel fuel, the complexity of multicomponent surrogatefuels
has greatly increased Surrogates assembled with numreus components
exceedingly raise the expense of analyticaland experimental
implementation. For successful industrialization, the tradeof§ between
surrogate complexitiesand predictive combustion simulation accuracymust
be understood, rationalized andoptimized for the intended application.

This investigation creates fully -representative multi-component surrogate
Diesel fuelsthat are appropriate for both exploratory combustion research
and direct application to the enginecombustion systemdesign process.The
effort must balance complexityand accuracy withusefulnessand the ability
to industrialize the findings. Itis evident that Diesel engine manufacturers



4 Introduction

will transition from single-component surrogates tofully-representative
multi -component Diesel surrogate fuelsas a means toinvestigate and
improve Diesel @mbustion, efficiency and emissions.

Forces driving this thesis include the understanding that fuel supplies and
standards vary regionallyand that future Diesel fuels may be awsiderably
different from current fuels. Today,Diesel engine manufacturers encounter
a broad rangeof fuel properties that may influence engine design and the
introduction of new technologies. For example, in the United StateASTM
D975-16a establishel a minimum cetane number requirement of 40
whereasin Europe EN 590:2009required a minimum cetanenumber of 51.
As a result of such variations in fuel propertiesDiesel enginecombustion
system researchers and design engineers require the ability to
independently adjustthe globalfuel properties mimicked by surrogate fuels.
New Diesel surrogates are required that vary propertiessuch as cetane
number to assesdgnition quality and threshold soot index to examine soot
and exhaust particleemissions. While doing so otheessential Diesel fuel
properties such as density, viscosity, heating value and distillation
temperatures must be reasonably controlled It is believed that the
systematic application of multi-component surrogate fuels with
independent control of fuel cetanenumber and threshold soot index will
enhance the fundamentalunderstanding of combustion efficiency and
emissions At the same time, improved surrogatesay provid e a meansfor
future improvements in Diesel spray modehg, combustion simulation, and
predictive CO, HC, soot and exhaust particle emissions

1.2.  Objective

The djective of this research is to design and prove fully representative
multi-component surrogate Diesel fuels that, along with their chemical
kinetic mechanisms, can be brought to routine use in applied research,
ET AOOOOEAT ADPDBPI EAAOQET 1T Oh Asitoblkiti MogeO
representative surrogates shouldcontribute to improvements in predictive
combustion simulation. This thesis is intended to provide insight, methods,
data and tools for immediate application by researchers and engine
developers. For it is inthe widespreadimprovement of engine combustion,
efficiency and emissions thathe substantial efforts from numerous engine
combustion researchers will have the greatest impact on our world.

Ei b1 OOAT Ol
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This thesis integrates a broad range of topics including Disel combustion,

gaseous emissions exhaust particles, fuel properties, chemical kinetic
mechanisms multi-component fuel modeling andzero-dimensional closed

homogeneous reactor simulation. Each of these research topics are
intensely complex. To provide a meaningful contribution, the thesis

objective was narrowed and focused tothe development of a multi-

component surrogate fuel libraryandthe experimental evaluation of anewly

developedsurrogate fuel.

To achieve the objectivethis thesis progresses though the following
collection of connectedactivities:

9 Establish adevelopment process, includingthe selection ofoptimal
surrogate fuel componentswhich can be utilized to create surrogate
fuels forintended applications.

1 Developalibrary of surrogate fuels that closely mimics the physical
and chemical properties of gtroleum Diesel fuel. This Surrogate
Fuel Library will contain 18 surrogate fuels with ceane number
ranging from 35 to 60(in increments of 5) and threshold soot index
values of 17, 31 ard 48 representative of low, midlevel, and high
sooting fuels, respectively

1 Provide aurrogate fuel formulations and predict surrogate fuel
properties such ascetane number, threshold soot index,density,
viscosity, heating value and distillationtemperatures.

1 Evaluate the surrogate fuel propery predictions by comparing
predicted and measured fuel properties for a subset of surrogate
fuels.

1 Demonstratea good match othe combustion, physical and chemical
properties of a multi-component surrogate fuelto the properties of
the targeted full-range petroleum Diesel fuel.

1 Experimentally evaluate a petroleum Diesel fuel and its matching
surrogate fuel with single-cylinder engine testsover a range of
engine operating conditions and combustion modes.
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1.3. Methodology

This investigation employed analytical tools to develop optimal multi
component surrogate fuels. Detailed ASTM fuel property testing was
conducted on a subset of the surrogate fuels. A futinge petroleum Diesel
fuel and its matching surrogate vere experimentally evaluated in a single
cylinder Diesel engine over a range of engine operating conditions and
combustion strategies. The results were reviewed to confirmthat the new
surrogate fuels ae fully-representative of petroleum Diesel fuel.

1.4. Thesis Outline

This thesis is organized into8 chapters and an Appendix. The content of the
chaptersand appendixare as follows:

Chapter 1 provides thecontext and objectives of this thesis.

Chapter 2 is devoted to an elementary review opetroleum Diesel fuel
properties.

Chapter 3 describes the computational methods used to conduct this
research such as surrogate fuel modelingnd gasphase reactor simulation.

Chapter 4 provides a description of the experimental methods including the
single-cylinder Diesel engine, instrumentation, emissions and particle
measurements and the engine operating conditions developed for this
thesis.

Chapter 5presents the development of the Surrogate Fuel Library, surrogate
fuel property predictions and a detailed comparison of the petsleum Diesel
fuel with the surrogate fuel designed to match it.

Chapter 6 gives the results of Diesel engine tests with the petroleum Diesel
and its matching surrogate fuel. Tests were conducted at a moderate engine
speed and load using a conventionaDiesel combustion strategy which
included premixed and diffusion combustion regimes. Engine combustion,
emissions, soot and exhaust particles are characterized for both fuels.
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Chapter 7 provides additional experimental results comparing the Diesel
and surrogate fuels under advanced combustion strategies. The fuels were
evaluated at a light load operating conditiorthat employed Remixed Charge
Compression Ignition PCC) and Low Temperature Combustion (LTC)
strategies. The low temperature and high tempeture heat release were
investigated along with emissons and exhaust particles

Chapter8 provides the conclusions of this thesis together with proposals for
continued research on this topic.

The Appendix contains the formulations and predicted propertiesor the 18
fuels contained in the Surrogate Fuel Library, complete results of ASTM fuel
property evaluations andsupplemental data from the Diesel engine testing.
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2.1. Introduction
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designed to run on coal dust The design was patented but proved to be
unsuccessful. Years later, Rudolf Diesel determined that his engine was
better suited for liquid fuels. Kerosene refining resulted in liquid
hydrocarbon by-products that were suitable for his compressiorigniti on
combustion system. Engine modifications were made and success was
achieved with the liquid fuel. For decades s invention has been
continuously advanced andcurrently powers the world economy through
electric energy generation, shipping, transport idustries (rail and truck),
heavy- and light-duty construction vehicles and personal mobility such as
buses and passenger vehicles. Nowadays, the combustion process, the
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Diesel fuel is composed of hundrds of hydrocarbon specieghat are not
well-characterized. As a result of this complexand undefined composition,
researchers createsurrogates for Diesel fuel. A surrogate fuel is a simple
analog created from a small set of welllefined hydrocarbon speies. The
surrogate fuelis designed to mimic the properties of a fulfange petroleum
Diesel fuel. Surrogate fuels have many applications including Diesel spray
characterization, chemical kinetic modeling, combustionand emissions
investigations. The first surrogates consisted of one or two hydrocarbon
components that successfully mimickedieselfuel properties such as cetane
number and lower heating value. However, these simple surrogates could
not match other important properties such as the fuel dstillation
temperatures. Recent work hasincreasedthe number of well-characterized
hydrocarbons that are representative of Diesel fueind potentially useful as
surrogate fuel components These efforts have enable the development of
multi -component surrogate fuels that can closely replicate the properties of
Diesel fuel.

To provide a basis for the development of surrogate Diesel fuel&is chapter
reviews Diesel fuel chemistry, fuel properties, and Diesel fuel spiications
for the United States and Europe.

A

Ali



14 Diesel Fuel Properties

2.2. Diesel Fuel

Diesel fuelis a complex liquid that is used to fuel Diesel engines. The most
common form is a fractional distillate of petroleum crude oil and in the
context of this thesis is referred to as pewleum Diesel. Thereare a
tremendous amount of ongoing research into advancedlternative and
renewable sources for Diesel fuel such as biodiesel, biomass to liquid (BTL),
algae natural gasto liquid (GTL), coalliquefaction and others. The focus of
this thesis, howeer, is ondeveloping surrogates for petroleum Diesel fuel.

Petroleum Diesel is a mixture ofthousands of hydrocarbon compounds
Crude oil refining separates the hydrocarbonsby means ofa distillation
process An example of a refinery distillation column is shown irFigure 2-1.
Diesel fuel is obtained from the hydrocarbonswith boiling points in the
approximate range of 150°Cto 400 °C(450 °F to 650 °F) In this distillation
temperature range, the hydrocarbon moleculegyenerally contain between 8
and 22carbon atoms. The fuel is further refined to remove impurities such
as sulfur and to improve fuel propeties and chemistry. Upon distillation,
Diesel fuel isprimarily composed of hydrocarbon classesvhich include
normal-alkanes, iso-alkanes, cyclo-alkanes and aromatics The aromatic
hydrocarbons are classified by the number benzene rings in the molecule.
Mono-aromatics have a single benzene ring and polycyclic aromatic
hydrocarbons (PAH) contain two or more benzene ringsMore information
on Diesel fues and refining are available from Chevrof2.1], DieselNef2.2],
and 5 Oaks Petroleunj2.3].

Crude oil properties vary widely and is processed by refineries throughout
the world. As a result, the properties of petroleum Diesel also vary. Local,
national and regional specifications are in place to standardizand improve
fuel quality. Examples include the WorldWide Fuels Charter[2.4], the
United States EPA Diesel Fuel Standard2.5], the California Diesel Fuel
Program [2.6], and the European Committee for StandardizatiofCEN) EN
590 and EN 14214[2.7]. The global efforts to create specifications and
improve fuel quality enable technological advancements thatcan lead to
increased engineefficiency and reduce environmental impact of emissions
The marked reduction of fuetborne sulfur is an example of combined fuel
and vehicle improvements to reduce pollutantg2.8].
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Products Temperatures
— LNG, Butane and Lighter Products < 85°F
— Gasoline Blending Components 85-185 °F
Crude Oil
— — Naptha, Gasoline 185-350 °F
N
N
— Kerosene, Jet Fuel 350-450 °F
Gas Oils, Distillates (Diesel, Heating Oil) ~ 450-650 °F

Heavy Gas Oil (Fuel for Ships, Candles) 650-1,050 °F

Residual Fuel Oil (Asphalt, Road Tar) > 1,050 °F

Figure 2-1: Distillation column showing the separation of crudsl into
distillates [2.3].

2.2.1  Diesel Fuel Chemistry

This section introduces the hydrocarbon molecules andclasdfications of the
Dieselfuel chemistry. The information was obtained from referencegq2.1],
[2.9], [2.10], [2.11], and [2.12]. A basic understanding of Diesel fuel
chemistry is required. The development of surrogate fuelswith desired
properties is accomplished by selecting the appropriate hydrocarbon
species with thenecessaryphysical and chemical propertiesIn essence, fuel
chemistry establishes the fuel properties.

Alkanes (Paraffins)

A general classification of hydrocarbon ralecules thatcontain only single
bonds between the hydrogen and carbon atoms are called alkanékhey are
often referred to as saturated hydrocarbons Alkanes are separated into
subclasses based on their molecular structure. These subclasses include
normal-alkanes that have alinear structure, iso-alkanes that have a
branched structure, and cyclo-alkanes that have acyclic or ring structure.
Understanding the alkane molecular structure is important because the
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structure has a significant impact on the physical and chemical properties of
the hydrocarbon specie.

Isomers

Isomers arecompounds with the samemolecular formula but have different
molecular structures. A common example of isomers are the octane
moleculesn-octane and iseoctane. Both molecules have the same chemical
formula, GHas, but the structures aredifferent, as stown in Figure 2-2. The
larger the molecule the more possibilities exist for isomers of that molecule.
For example, there are 9 isomers for €16 (heptane) while there are 75
isomers for GoHz. (decane). With regard to Diesel fuels, the isomers n
hexadecane and 2,2,4,4,6,88eptamethylnonane have important
applications to surrogate fuels. These large alkanes have the chemical
formula CieHss. However, the structural differences significantly affect
certain fuel properties, such as cetan@umber. As a result of structural
differences, somers of the same chemical formula are uniquely different
compounds that can have significantly different phystal and chemical
properties.

n-Octane — CgH, ¢ iso-Octane - CgH,g

Figure 2-2: Schematialiagrams for noctane andiso-octane showing the
differences between linear and branched structures

NN
9

Normal -Alkanes (Normal -Paraffins)

Hydrocarbon molecules where the atoms are linked to have a linear chain
like molecule structure are known as normalfalkanes (n-alkanes). Carbon
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atoms along the backbone are bonded to two hydrogen atoms while each end
of the molecule is bonded to a methyl group (Gi Normal-alkanes have the
general molecular formula GHzn+2 where n is the carbon number of the
molecule. For example n-heptanehas themolecular formula of GHis and n+
hexadecanehas theformula of GeHss. Examples of the ralkane molecular
structure are given below inFigure 2-3.

n-Heptane — C;H n-Hexadecane - C;¢H;,

A VA VA VAVAVAVA VA VA

P AAAREXK A

Figure 2-3: Stickdiagrams (top)and hall-and-stick diagrams(beneath) for
n-Heptane am n-Hexadecane

Iso-Alkanes (Iso-Paraffins)

Iso-alkanes have a backbone with a chailike structure, similar to n-alkanes,
but also have carbon atoms branching off from the backbone. Each branch
ends with a methyl group. Like ralkanes, isealkanes havethe general
formula GHazn:2. Molecules with the same chemical formula can have
different branched structures. As a result, each branched structure is a
unique compound with its ownphysical and chemical properties. The terms
iso-alkane and iseparrafin are often used interchangeably.

Cyclo-Alkanes (Cyclo-Paraffins)

Hydrocarbon compounds where the carbon atoms are arranged in a ring
structure with single carbon-carbon bonds are known as cyckalkanes. Two
or more rings may be linked with some carbon atomshared by neighboring
rings. Cyclealkanes may have additional chains branched from a carbon
atom contained within the ring structure. These branches end with a methyl
group. The occurrence of branched andultiple -ring structures influence
the physicalproperties of the molecule. Referring to Figure 2-4, decalin is a
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two-ring cyclo-alkane and butylcyclohexane is a branched, oréng cyclo-
alkane.

Decalin Butylcyclohexane
CH CH
PR /CH\z _ CHz—CHz—CH—CHg
H2‘|3 ?H ‘«IHz HoC CH
| |
HoC C CH
CHo CHo CH,

Figure 2-4: Two-ring and branchedonering cyclo-alkanes

Alkenes (Olefins)

The alkene hydrocarbonclassificationis similar to the alkane clasgication.
However, alkene molecules contain at least one carben-carbon doule-
bond. Therefore, alkenes are considered unsaturated hydrocarbonSimilar

to alkanes, alkenes arelassified asnormal-alkenes iso-alkenesand cyclo
alkenesbased on the molecular structurs. Alkenes rarely occur in crude oil.
They are present inDiesel fuel insmall amounts due to refinery processes.
As a result, alkenes have not been widely used as components for Diesel
surrogate fuels.

Aromatics

Aromatics have an important effect on Diesel fuel properties, combustion,
soot formation and PAH erissions. The building block of an aromatic
compound is the benzene molecule.Benzene is a hydrocarbon molecule
with six carbon atoms that form a regular, planar hexagon ring structure.
Each carbon atom along the ring is bonded to a single hydrogen hence
benzene has the molecular formula &s. The carbonto-carbon bonds
within the benzene ring have unique attributes.They are oftendepicted as
alternating double and single bondsMore appropriately, thedouble bounds
are actually delocalized and hencemore flexible than standard double
bonds. Generally, single and double bonds have different lengthdowever,
due to delocalizationevery carbon-to-carbon bond in the benzene molecule
has the same length The actual bond length is somewherdetween the
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single and doublebond lengths. The ring structure and the presence of
delocalized electrons makes benzene an exceptionally stable molecule.
Additional bonds to the benzene ring employ the delocalized electrons and
results in a loss of molecular stabity.

Hydrocarbon compounds that contain at least onebenzene ring are
classified as aromatics Aromatics can have branched chains attached to a
carbon atom in the benzene ring.They canalso combine to form multiring
structures. Several examples of aromatics with branched and muiting
structures are shown in Figure 2-5. Toluene and npropylbenzene are
branched aromatics. Tetralin is an aomatic compound with one benzene
ring bonded toonecyclo-alkane ring. Aromatics may also contain more than
one benzene ring with some carbon atoms fused to neighboring rings (e.g.,
1-methylnaphthalene). Structure plays a significant role in the properés of
aromatic hydrocarbons. For example, a increase in the number of benzene
rings generally increases density, boiling point and smoke pointAromatics
containing a single benzene ring arelassifiedas monearomatics. Polycyclic
aromatics contain wo or more benzene ringsand are also known as
polycyclic aromatic hydrocarbons (PAH)

n-Propylbenzene 1-Methylnaphthalene
Benzene
i 'y 9

Toluene

Figure 2-5: Examples of aromatic structures: benzene, branched aromatics
toluene and npropylbenzene, cyclaromatic tetralin and polycyclic aromatic
1-methylnaphthalene.
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Carbon Atom Number Distribution

The distillation process separates hydrocarbons molecules lased ontheir
boiling points. As mentioned earlierthe distillation temperature range for
Diesel fuel is from150 °C to 400 °C This relatively wide temperature range
results in a broad distribution of hydrocarbon molecules (species) whose
carbon atom numbers vary from 8o 24. Figure 2-6 shows the carbon atom
number distribution for a typical North American No. 2D Diesel fuel,
adapted from[2.1]. This example shows a fairly normal distribution with
approximately 50% of the fuel mass residing in the carbon humber range 14
18. The carbon number distributions can vary based on the source of the
crude oil and the refining process. Thenass percent depicted by each
vertical bar contains numerous types of alkane and aromatic hydrocarbon
species with varying branched and ring structures. Diesel fuel physical and
chemical properties are established by the hydrocarbon species contained
within the vertical bars shown inFigure 2-6.
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Figure 2-6: Typical carbon number distribution from No.-B Diesel fuel
adapted from[2.1].
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Hydrocarbon Speciesin Diesel Fuel

With the understanding that the distribution of hydrocarbon species

influences Diesel fuel propertiesyesearchers have employedophisticated

experimental techniques to identify and quantify hydrocarbon classes,
molecular structures and individual species in Diesel fuelKnowledge of the

hydrocarbon species can provide insight and potentially explain what
controls the physical and chemical fuel properties of Diesel fuel.

Vendeuvre et al. performed detailed characterizationsof middle distillate
fuels[2.13]. The experimental techniques includedASTMfuel property test
methods, gaschromatography (GC), liquid chromatography (LC) and mass
spectrometry (MS), and a comprehensive twodimensional gas
chromatography (GCxGC) Figure 2-7 provides an example of he
experimental characterization of the fuel. The weight percent for seven
hydrocarbon classes were quantified at each carbon atom numberfor
example, thedata showed thattriaromatic hydrocarbonswere presentin the
14-18 carbon number range. (Triaromatic hydrocarbons contain three
benzene rings.) Understanding the fuel compositionsupports the refinery
efforts to control the amounts of given hydrocarbon classesmprove fuel
quality, and adhere to Diesel fuel specifications.

on-paraffins

4,51 | miso-paraffins
mnaphtenes

44| oaromatics
adiaromatics

1| onaphtenic-diaromatics
mtriaromatics

"9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
carbon atom number

Figure 2-7: Detailedcharacterization quantifying the molecular distribution
of severhydrocarbon clasesper carbonatom number[2.13].
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Researchers have gained further insight by applying sophisticated fuel
characterization techniques to study thehydrocarbon compositions of
market fuels. For example,Farrell, et al., conducted a detailed analysis of
three different market fuels[2.14]. The analysiprovided the weight percent
for several hydrocarbon classesincluding: n-alkanes, isealkanes, cycle
alkanes and aromatics. For cyclalkanes and aromatics, the analysis
provided data for onering, two-ring, and threering compounds. The results
in Figure 2-8 show significant differences between the fuelsFuels A and C
had broader carbon atom number distributions than Fuel B. Additionally,
the weight percent of Fuel B was dominated by cyclalkanes and contained
significantly less aromatics. In contrast, the aromatic content of Fuel C was
significantly greater than Fuel A and Fuel Blt is clear from this example that
significant variations exists in Diesel fuel chemistryVariations in Diesé fuel
chemistry drive the variations observed in Diesel fuel properties.
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Figure 2-8: Detailed analysis showing carbon number, hydrocarbon class and
molecular structure for three comercial Diesel fuelsg§ificant variation
exists between the Diesel fu¢ks14].
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2.2.2 Diesel Fuel Properties

This section provides a brief introduction of the fuel properties that are

relevant for Diesel combustionand the development of surrogate fuels.
References for the information in this section includd2.1], [2.9], [2.10],

[2.11],[2.12], and the cited ASTM test procedures.

Cetane Number (CN)

Diesel fuel cetane numbeis a metric that experimentally quantifies the auto
ignition quality of a fuel. Diesel fuels with short ignition delays will have high
cetane numbers while fuels with longer ignition delays will have lower
cetanenumbers. Fuels with high cetane number are generally considered to
be higher quality fuels.

Fuel cetane numberis an important metric for Dieselengines as it impacts
the start of combustion from which greatly influences engine starting,
efficiency, performance, emissions and combustion noiseCetane number
can be measured using two different test proceduresASTM D613 involves
testing the fuel in a singlecylinder engine and comparing the measured
ignition delay with calibrated reference fuels[2.15]. ASTM D6890 provides
an alternative method that measures the ignition delayrom injecting the
fuel into a high temperature, high pressureonstantvolume chamber[2.16].
Again,cetane rumber is determine by correlatingmeasurementsto a set of
reference fuels. There are three primary reference fueldor cetane testing:
n-hexadecane with  CN=100, heptamethylnonane with CN=15 and I
methylnaphthalene with CN=0. The primary reference fuels are blended to
yield reference fuels with varying cetane number allowing improved
correlation equations.

Smoke Point

Smoke Pointis the maximum smokelessheight that can be achieved by a
diffusion flame from fuel burned in a wick-fed lamp. ASTM D1322 is the
method used to determine the fuel smoke poinf2.17]. The test procedure
specifies the wick and lamp design and reports he flame height in
millimeters. Smoke point is a simp bulk fuel property that relates to a fuels
tendency to produce soot during combustion.Smoke point isan important
fuel property for jet fuels and is becoming a useful metric foDiesel fuel.
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Fuels with low smoke points are considered to have a higher tendency to
produce soot while higher smoke point fuels areonsidered to have a lower
tendency to produce soot.

Thr eshold Soot Index (TSI)

Threshold Soot Indexs another measure of the fuel tendency to create soot
in a diffusion flame. The metric is an improvement over the smoke point
because it accounts for the fuel molecular weight and differences in smoke
point test devices. The metric is defined such that fuels with low sooting
tendency will have low TSkhalueswhile fuels with high sooting tendencywill
have high TShalues. For example, rFheptane is a low sooting fuel with a TSI
of 3 whereastoluene is a highsooting fuel with a TSI of 40.

TSl is calculated with the method defined by Calcote and Manf&18]
using the following equation:
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Constants a and b are defined by the test equipment.Snoke point height
measurements are fromASTM D1322. In thighesis,the molecular weight
of Diesel fuel was assumed to be 200 g/mol. Theatecular weight of the
surrogate was calculated using a molaveighted average of the fuel
component molecular weights[2.18].

Lower Heating Value

The Lower HeatingValue (LHV)is the amount of thermal energy released
when a unit mass of fuel is burned at constantressure (also known as the
net heat of combustion) Test procedure ASTM D240N determines tHewer
heating value by burning fuel in an oxygen bomb calorineter under
prescribed conditions. Temperature measurements before, during and after
are used to compute thdower heating value At the end of the procedure all
of the combustion products are in the gaseous state and water is in the vapor
state. Therefore, the energy required to vaporize the water is not included
in the heat releas€[2.19]. The lower heating valueis required to calculate
engine efficiencyand other performance metrics.
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Density

Fuel density is the mass per unit volume at a specific temperaturand is
measured by ASTM[2.20]. Density is a temperaturedependent property
and as such, fuel density decreaseastemperature increases Density is an
important physical property that is used in combination with other
properties to characterize Diesel fuel. For example, fuel density together
with the lower heating value determine how much fuel energy is injected
into the engine with each injection event. Density is driven by the
hydrocarbon composition of the fuel. For example, aromatic hydrocarbons
have higher density that alkanes Therefore, Diesel fuels with high density
may contain higher amounts of aromatics.

Kinematic and Dynamic Viscosity

Liquid viscosity EO A 1 A A O O @eBistano to AlefosRiatidi by 8hdar
stress8 $EAOGAT EOAT EET Al AOE e ASENOIMAISOEOU j v qQ EO
test procedure. The dynamic viscosity({ ) is calculated by multiplying the
EET Al AOEA OE OAiud Bedsity (§) 42@1]. A Uiscobiti & an
important physical property for Dieselfuel. It impacts the work required to
pump the fuelthrough filters and lines. It can also mpact the operation of
high-pressure fuel pumps andinjectors especiallywhen the fuelalso serves
as a lubricant. Viscosity is a temperaturedependent property. As
temperature increases the viscosity of Diesel fuel decrease®uring fuel
injection, Diesel fuelviscosity, and its temperaturedependency,influences
the fuel spray breakup into droplets.

Distillation Curve

ASTM D86 defines a test method to quantify the boiling range characteristics
of petroleum products, also known as the distillation cuve. During the
procedure, al100-ml fuel sample is distilled at ambient pressure using a
prescribed distillation apparatus and protocol. The testresults generate a
distillation curve by correlating the volume percent evaporated or volume
percent recoveed, with the corresponding temperature [2.22]. The
distillation curve defines the fuel boiling rangeprovides insight into the fuel
composition and the potentialbehavior of the fuel under given conditions.
In direct-injection Diesel engine, fuel volatility can impact the fuel vapor
distribution in the combustion chamber and influence the combustion
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process in several ways.The low temperature volatility affects fuel vapor

under cold conditions which influences engine starting and warrup. The
high temperature volatility reflects to some extent the amount of higher
molecular weight hydrocarbonspresent in the fuelwhich can influence the
formation of soot and other emissions.

Hydrocarbon and Aromatic Composition

ASTM D1319 provides a simplesolume percent characterization of Diesel
fuel into three hydrocarbon classfications: alkanes, alkenes and aromatics
[2.23]. The test procedure does not characterize the-alkane, isecalkane or
cyclo-alkane content of the fuel. To further characterize the aromatic
hydrocarbons, the ASTM D5186test procedure separates the aromatic
hydrocarbons into three classifications: total aromatics, mono-cyclic
aromatics (one benzene ring)and poly-cyclic aromatics (more than one
benzene ring)[2.24]. The aromatics are measured on a percent mass basis.
Understanding the aromatic content provides important insight into other
fuel properties. For example, aromatic compounds generally havhigher
density and higher smoke points than alkanes.

Flash Point

The PenskyMartens closedcup flash point test defined inthe ASTM D93est

procedure provides one measure of flastpoint for petroleum Diesel. The

method quantifies the tendencyof thefuelOT &1 OF A KAIwithAAT A 1 E@OOC
air under controlled laboratory conditions in the 40 to 370°C temperature

range. It is important to note that the flash point reported by ASTM D93s

for one specific test apparatus and cannot be correlated with flashomt

measurements from a different apparatus[2.25]. PenskyMartens flash

point measurements areuseful for comparing fuels. However tiis only one

of many properties that are required to assesOEA 1T OAOAI 1 KAI 1 AAEI E
hazard of Diesel and other fuels. With respect to surrogate fuels, and this

thesis, the flash point determined the safe handling procedures for the

single-component and mult-component surrogate fiels.
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Properties of Market Diesel Fuels

To explore differences in Diesel fuel properties, fivenarket Diesel fuels were
collected andanalyzed. The results are presented ifable2-1. Although not
an exhaustive list of fuels, the results show considerabldifferences in the
fuel properties for the five Diesel fuels. For example, the cetane number
ranged from 44.2 for the Tar Sands Diesel to 55.8 for the Swedish Cladsel.
Moreover, many of the Swedish Clasd fuel properties were considerably
different from the other fuels. The viscosity and distillation temperatures
were lower for the Swedish Clasd fuel. In addtion, the alkane content was
very high and the aromatic content was very lowSubstantial differences in
fuel properties present challenges for surrogate Diesel fuels. For example, a
surrogate fuel designed to mimic the properties of the Tar Sands Diesahy
not be adequate to represent the Swedish Clagduel. As result, surrogate
fuels may need to beindividually tailored to represent specific fuels.
Another approachis to develop a libraryof surrogate fuek with properties
that are tailored to cove a broad range of market fuels. Such an approach
would provide a consistent set of surrogate fuels for research topics and
Diesel combustion system development.

Table2-1: Properties of market Dieséliels.

Fuel Property . ULSD .ULSD Swedish Euro Tar.Sands
High-Cetane| Mid-Cetane Class-I Cert Diesel
Cetane Number 50.9 45.0 55.8 50.4 44.2
Net Heat of Combustion (MJ/kg) 42.86 43.04 43.50 43.19 43.08
Density at 15°C (kg/m®) 849.0 838.8 808.9 836.3 838.9
Kinematic Viscosity at 40°C (cSt)|  3.060 2.266 1.821 2.631 2.257
::j?iit?Jggperature "~ Tio 27 204 197 187 200
Distillation Temperature - T.
.50 Yol (- C)p 0 237 240 224 276 247
:;igiit?vzfgperat“re " Too 312 312 269 326 303
Alkanes (volume %) 76.0 72.3 924 81.9 80.7
Alkenes (volume %) 7.5 6.8 4.1 5.0 3.0
Aromatics (volume %) 16.5 20.9 35 131 16.3
Total Aromatics (mass %) 16.4 20.3 3.2 13 16.9
Mono-Cyclic Aromatics (mass %) 16.2 19.2 2.9 9.3 16.5
Poly-Cyclic Aromatics (mass %) 0.2 1.0 0.3 3.7 0.4
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Properties of Hydrocarbon Classes andSpecies

The previous sections provided an introduction of Diesel fuel chemistry, fuel
properties and property datafor several market Diesel fuels.The next step
towards successfully formulating surrogate fuels i$o gainan understanding
of the properties of individual hydrocarbon speciesthat are representative
of Diesel fuel hydrocarbons.Table2-2 provides the chemical formula, cetane
number, TSI, density and boiling point for 35 hydrocarbon specieseparated
into four classifications. Although property data was not available for all
fuels, a study of the properties proviled valuable insight and trends witfin
hydrocarbon classifications. The observations are summarized below:

n-Alkanes
1 Cetanenumber increased with carbon number(54-110)
1 TSlwasvery low and essentially constani{~6)
1 Density increased with carbon numbei(0.683-0.789 g/ml)
1 Boiling point increased with carbon number (99344 °C)

iso-Alkanes
1 Cetanenumber varied by compound (1467)
9 TSl varied by compound (limited data)
1 Density increased with carbon number (limited data)
9 Boiling point increased with carbon nunber (limited data)

cyclo-Alkanes
1 Cetanenumber varied by compound (1870)

9 TSl varied by compound (limited data)
91 Density varied by compound (limited data)
9 Boiling point increased with carbon number (81282 °C)

Aromatics
1 Cetanenumber was generally low and varied by compound
9 TSl varied was generally high and varied by compound (3100)
9 Density varied by compound (0.8621.041 g/ml)
9 Boiling point increased with carbon number (8282 °C)
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Table2-2: List of representative Diesel fuel hydrocarbaompounds
including chemical formula, cetane number, TSI and boiling pdatl] [2.26].

Representative Cetane

Class Compound Formula Number TSI
Heptane CrHae 54 3 0.683 99
B Decane CioH22 77 5 0.730 174
_@ Dodecane CizH26 84 6 0.750 216
P Pentadecane CisHa2 96 6 0.769 269
< Hexadecane CisH34 100 6 0.773 287
Eicosane CaoHa2 110 6 0.789 344
Iso-Hexane GsHa4 34 3 0.653 61
Iso-Octane GsHis 14 7 0.692 99
8 3-Ethyldecane CizHas 48 209
g 4,5-Diethyloctane CizHzs 20 193
< Heptamethylnonane  CisHsa 15 21 0.793 240
8 8-Propylpentadecane  CigHss 48
o 7,8-Diethyltetradecane CigHass 67
9,10-Dimethyloctane CaoHa2 59
Cyclohexane GsHi2 18 4 0.779 81
Methylcyclohexane CrHua 22 5 0.770 101
9 Decahydronaphthalene  CioHis 44 20 0.896 186
= n-Butylcyclohexane CioHz20 0.818 181
= n-Pentocyclopentane  CioH2o 181
<CT; 3-Cyclohexylhexane  Ci2H24 36 216
© n-Nonylcyclohexane  CisHso 282
& n-Decylcyclopentane  CisHzo 279
2-Methyl-3-cyclohexylnonane CisHso 70
2-Cyclohexyltetradecane  CooHa2 57
Benzene GsHs 11 31 0.874 80
Toluene CHs 3 40 0.865 111
Styrene CsHs 7 67 0.909 145
@ Ethylbenzene CsH1o 7 54 0.867 136
2 m-Xylene CsHio 3 51 0.864 139
g n-Propylbenzene GoHi2 7 53 0.862 159
= Trimethylbenzene GoH12 9 51 0.876 170
< Naphthalene G 23 100 1.025 218
1-Methylnaphthalene  CiiHio 0 100 1.001 245
Biphenyl Ci2Hio0 21 1.041 256
n-Tetradecylbenzene  CxoHas 72
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2.2.3 Diesel Fuel Specifications

As mentioned above, Diesel fuel properties vary across geographical regions
and seasons. Crude oil sources and refinery processes can also effect Diesel
fuel properties. Local, national and regional agencies have adopted
specifications to control selectel Diesel fuel properties to specified values or
ranges. Diesel fuels are classified into several grades and the specifications
can vary between the gradesExamples of Diesel fuel specifications include
ASTM D975 for North Americg2.27] and EN590 for the European Union
[2.28]. Table 2-3 shows the ASTM D975 specifications for several grades of
Diesel fuel while Table 2-4 provides the EN590 specifications.This thesis
focused on Grade No.-B for ASTM D975.

In the context of this thesis, a fullyrepresentative surrogate Diesel fuel must
replicate the properties of a fullrange petroleum Diesel fuel. The surrogate
Diesel fuelproperties should becompared with regulated fuelspecifications

to recognize and account for any discrepancies. The intent is to understand
where and why surrogate fuel properties are ot aligned with the
specifications.

A comparison of ASTM D975 and EN590 reveals differences in regulated
properties and test methods. Several Diesel fuel properties are not
regulated, such ag.ower Heating Value and TSIRegulated properties that
caninfluence Dieselfuel spray,combustion, andemissions are summarized
in Table2-5.
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Table2-3: ASTM D975 Dieséliel specificationg2.27]


































































































































































































































































































































































































































































































































































































































































































































































