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Resumen 

El combustible diésel está compuesto por cientos de hidrocarburos cuya 

presencia y proporción varía 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 composición, en los estudios sistemáticos, los investigadores suelen 

trabajar con combustibles de sustitución, mucho más sencillos, pero que 

reproducen las propiedades químicas y físicas del gasóleo. Los primeros 

combustibles de sustitución estuvieron formados por un solo componente, 

como el n-heptano y el n-dodecano. Recientemente se han desarrollado 

combustibles de sustitución multi-componentes, que se aplican tanto a 

estudios experimentales como de modelado. La aplicación sistemática de 

combustibles de sustitución controlados con precisión es una vía 

prometedora para mejorar la comprensión de la combustión Diesel, su 

eficiencia, y sus emisiones y proporciona herramientas para la investigación 

de sistemas de combustión nuevos y alternativos.  

En esta tesis se han empleado métodos experimentales y de cálculo para 

desarrollar, estudiar y validar una librería de combustibles de sustitución 

multi -componentes. El primer combustible de sustitución se diseñó para 

reproducir con precisión las propiedades físicas y químicas de un gasóleo 

con número de cetano 50 y un índice de hollín umbral (TSI) de 31.El 

siguiente paso fue crear una biblioteca de combustibles de sustitución con 

18 combustibles que pueden modificar independientemente dos 

propiedades clave del combustible: índice de cetano y TSI. En la biblioteca 

de combustibles el número de cetano osciló entre 35 y 60 con tres niveles de 

TSI iguales a 17, 31 y 48 (bajo, medio y alto rango). Los ensayos según la 

normativa ASTM demostraron una buena coincidencia con las propiedades 

del gasóleo como densidad, viscosidad, poder calorífico y curvas de 

destilación. 

Para comprobar la validez de la librería, se realizó un estudio experimental 

comparativo sobre el proceso de combustión, las emisiones gaseosas, hollín 

y partículas de un gasóleo y de su combustible de sustitución ajustado. El 

estudio se realizó con un motor monocilíndrico Diesel completamente 

instrumentado y operando con estrategias de combustión en premezcla 

parcial (PPCI) y de baja temperatura (LTC), además de la combustión Diesel 

convencional (CDC). Los parámetros de la combustión como el retraso al 

encendido y la liberación de calor tanto de baja como de alta temperatura se 



aproximaron muy bien. Las emisiones de gases, hollín y partículas también 

fueron similares al variar el nivel de EGR y la fase de la combustión. 

La tesis demuestra que se pueden encontrar combustibles de sustitución 

perfectamente representativos de un gasóleo corriente, en base a mezclas 

apropiadas de n-hexadecano, 2,2,4,4,6,8,8-heptamethylnonano, 

decahidronaftaleno y 1-metilnaftaleno. Asimismo, se concluye que variando 

la proporción de estos cuatro componentes se puede controlar 

independientemente el número de cetano y el índice de hollín umbral, a la 

vez que se mantienen las propiedades físico-químicas y de combustión del 

gasóleo. La librería de combustibles de sustitución definida en esta tesis es 

una herramienta a disposición de los investigadores para profundizar en el 

conocimiento de la combustión diésel y avanzar en el diseño de sistemas 

futuros de combustión con mejor rendimiento y menores emisiones. 

 

  



Resum 

El combustible Diesel està compost per centenars d'hidrocarburs, la 

presència i proporció dels quals varia depenent de l'origen del 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 composició, en els estudis sistemàtics, els investigadors solen treballar 

amb combustibles de substitució, molt més senzills, però que reprodueixen 

les propietats químiques i físiques del gasoil. Els primers combustibles de 

substitució van estar formats per un sol component, com el n-heptà i el n-

dodecà. Recentment s'han desenvolupat combustibles de substitució multi-

components, que s'apliquen tant a estudis experimentals com de modelatge. 

L'aplicació sistemàtica de combustibles de substitució controlats amb 

precisió és una via prometedora per a millorar la comprensió de la 

combustió Dièsel, la seua eficiència, i les seues emissions i proporciona eines 

per a la recerca de sistemes de combustió nous i alternatius.  

En aquesta tesi s'han emprat mètodes experimentals i de càlcul per a 

desenvolupar, estudiar i validar una llibreria de combustibles de substitució 

multi -components. El primer combustible de substitució es va dissenyar per 

a reproduir amb precisió les propietats físiques i químiques d'un gasoil amb 

índex de cetà 50 i un índex de sutge límit (TSI) de 31. El següent pas va ser 

crear una biblioteca de combustibles de substitució amb 18 combustibles 

que poden modificar independentment dues propietats clau del 

combustible: índex de cetà i TSI. En la biblioteca de combustibles l'índex de 

cetá va oscil·lar entre 35 i 60 amb tres nivells de TSI iguals a 17, 31 i 48 (baix, 

mitjà i alt rang). Els assajos segons la normativa ASTM van demostrar una 

bona coincidència amb les propietats del gasoil com a densitat, viscositat, 

poder calorífic i corbes de destil·lació. 

Per a comprovar la validesa de la llibreria, es va realitzar un estudi 

experimental comparatiu sobre el procés de combustió, les emissions 

gasoses, sutge i partícules d'un gasoil i del seu combustible de substitució 

ajustat. L'estudi es va realitzar amb un motor monocilíndric Dièsel 

completament instrumentat i operant amb estratègies de combustió en 

premescla parcial (PPCI) i de baixa temperatura (LTC), a més de la 

combustió Dièsel convencional (CDC). Els paràmetres de la combustió com 

el retard a l'encès i l'alliberament de calor tant de baixa com d'alta 

temperatura es van aproximar molt bé. Les emissions de gasos, sutge i 



ÐÁÒÔþÃÕÌÅÓ ÔÁÍÂï ÖÁÎ ÓÅÒ ÓÉÍÉÌÁÒÓ ÅÎ ÖÁÒÉÁÒ ÅÌ ÎÉÖÅÌÌ Äȭ%'2 É ÌÁ ÆÁÓÅ ÄÅ ÌÁ 

combustió. 

La tesi demostra que es poden trobar combustibles de substitució 

perfectament representatius d'un gasoil corrent, sobre la base de mescles 

apropiades de n-hexadecà, 2,2,4,4,6,8,8-heptamethylnonà, decahidronaftalé 

i 1-metilnaftaleno. Així mateix, es conclou que variant la proporció d'aquests 

quatre components es pot controlar independentment l'índex de cetà i 

l'índex de sutge límit, alhora que es mantenen les propietats físic-químiques 

i de combustió del gasoil. La llibreria de combustibles de substitució definida 

en aquesta tesi és una eina a la disposició dels investigadors per a aprofundir 

en el coneixement de la combustió Diesel i avançar en el disseny de sistemes 

futurs de combustió 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 sources, refining processes, 

legislative requirements and other factors.  In order to simplify the study of 

this fuel, researchers create surrogate fuels with a much simpler 

composition, in an attempt to mimic and control the physical and chemical 

properties of Diesel fuel.  The first surrogates were single-component fuels 

such as n-heptane and n-dodecane.  Recent advancements have provided 

researchers the ability to develop multi-component surrogate fuels and 

apply them to both analytical and experimental studies.  The systematic 

application of precisely controlled surrogate fuels promises to further 

enhance our understanding of Diesel combustion, efficiency, emissions and 

particulates and provide tools for investigating new and alternative engine 

combustion systems. 

This thesis employed analytical and experimental methods to develop, 

validate and study a library of multi-component surrogate Diesel fuels.  The 

first step was to design a surrogate fuel to precisely match the physical and 

chemical properties of a full-range petroleum Diesel fuel with 50 cetane 

number and a typical threshold soot index value of 31.  The next step was to 

create a Surrogate Fuel Library with  18 fuels that independently varied two 

key fuel properties:  cetane number and threshold soot index.  Within the 

fuel library cetane number ranged from 35 to 60 at three threshold soot 

index levels of 17, 31 and 48 (low, mid-range and high).  Extensive ASTM fuel 

property tests showed that good agreement with important physical and 

chemical properties of petroleum Diesel fuel such as density, viscosity, 

heating value and distillation curve. 

An experimental investigation was conducted to evaluate the combustion, 

emissions, soot and exhaust particles from the petroleum Diesel fuel and the 

matching surrogate fuel.  A fully -instrumented single-cylinder Diesel engine 

was operated with combustion strategies including Premixed Charge 

Compression Ignition (PCCI), Low-Temperature Combustion (LTC) and 

Conventional Diesel Combustion (CDC).  For combustion, the ignition delay, 

low-temperature (first stage) and high temperature (second stage) heat-

release matched very well.  Gaseous emissions, soot and exhaust particles 

maintained good agreement as exhaust gas recirculation and combustion 

phasing were varied. 



This thesis demonstrated that fully representative Diesel surrogate fuels 

could be tailored with the proper blending of the following hydrocarbon 

components: n-hexadecane, 2,2,4,4,6,8,8-heptamethylnonane, 

decahydronaphthalene and 1-methylnaphthalene.  It was also established 

that the volumetric blending fractions of these four components could be 

varied to independently control the fuel cetane number and threshold soot 

index while retaining the combustion, physical and chemical properties 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 cetane number 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 efficiency 

and emissions. 
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1.1. General Context  

The internal combustion Diesel engine is a highly-versatile 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 result of its importance to society, 

researchers continue to gain understanding and explore novel combustion 

systems while engine development engineers work to introduce new Diesel 

combustion technologies into 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 achieve the complex needs of society [1.9] [1.10]. 

The application of single-component surrogate fuels, such as n-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-component surrogates have played 

a significant role to expand the fundamental understanding of Diesel 

combustion.  As engineering tools, single-component surrogates have guided 

the development of conventional and novel Diesel combustion systems 

[1.11] [1.12] [1.13] [1.14].  To further advance the understanding of Diesel 

combustion, fully -representative multi -component surrogate fuels are 

required.  This innovation would allow engineers to independently control 

key fuel properties such as cetane number and the threshold soot index.  

Recent advances have largely increased the number of pure hydrocarbon 

fuel components that may be used to formulate Diesel surrogate fuels [1.15] 

[1.16].  However, as researchers strive to match the combustion and physical 

properties of Diesel fuel, the complexity of multi-component surrogate fuels 

has greatly increased.  Surrogates assembled with numerous components 

exceedingly raise the expense of analytical and experimental 

implementation.  For successful industrialization, the tradeoffs between 

surrogate complexities and predictive combustion simulation accuracy must 

be understood, rationalized and optimized for the intended application. 

This investigation creates fully -representative multi -component surrogate 

Diesel fuels that are appropriate for both exploratory combustion research 

and direct application to the engine combustion system design process.  The 

effort must balance complexity and accuracy with usefulness and the ability 

to industrialize the findings.  It is evident that Diesel engine manufacturers 
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will transition  from single-component surrogates to fully -representative 

multi -component Diesel surrogate fuels as a means to investigate and 

improve Diesel combustion, efficiency and emissions. 

Forces driving this thesis include the understanding that fuel supplies and 

standards vary regionally and that future Diesel fuels may be considerably 

different from current  fuels.  Today, Diesel engine manufacturers encounter 

a broad range of fuel properties that may influence engine design and the 

introduction of new technologies.  For example, in the United States ASTM 

D975-16a established a minimum cetane number requirement of 40 

whereas in Europe EN 590:2009 required a minimum cetane number of 51.  

As a result of such variations in fuel properties, Diesel engine combustion 

system researchers and design engineers require the ability to 

independently adjust the global fuel properties mimicked by surrogate fuels.  

New Diesel surrogates are required that vary properties such as cetane 

number to assess ignition quality and threshold soot index to examine soot 

and exhaust particle emissions.  While doing so other essential 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 cetane number and threshold soot index will 

enhance the fundamental understanding of combustion, efficiency and 

emissions.  At the same time, improved surrogates may provide a means for  

future improvements in Diesel spray modeling, combustion simulation, and 

predictive CO, HC, soot and exhaust particle emissions. 

1.2. Objective  

The objective 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, 

ÉÎÄÕÓÔÒÉÁÌ ÁÐÐÌÉÃÁÔÉÏÎÓȟ ÁÎÄ ÍÏÓÔ ÉÍÐÏÒÔÁÎÔÌÙȟ ÔÈÅ ÄÅÓÉÇÎÅÒȭs toolkit.  More 

representative surrogates should contribute 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 in the widespread improvement of engine combustion, 

efficiency and emissions that the substantial efforts from numerous engine 

combustion researchers will have the greatest impact on our world. 
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This thesis integrates a broad range of topics including Diesel combustion, 

gaseous emissions, exhaust particles, fuel properties, chemical kinetic 

mechanisms, multi-component fuel modeling and zero-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 to the development of a multi-

component surrogate fuel library and the experimental evaluation of a newly 

developed surrogate fuel. 

To achieve the objective this thesis progresses through the following 

collection of connected activities: 

¶ Establish a development process, including the selection of optimal 

surrogate fuel components, which can be utilized to create surrogate 

fuels for intended applications. 

¶ Develop a library of surrogate fuels that closely mimics the physical 

and chemical properties of petroleum Diesel fuel.  This Surrogate 

Fuel Library will contain 18 surrogate fuels with cetane number 

ranging from 35 to 60 (in increments of 5) and threshold soot index 

values of 17, 31 and 48 representative of low, mid-level, and high 

sooting fuels, respectively. 

¶ Provide surrogate fuel formulations and predict surrogate fuel 

properties such as cetane number, threshold soot index, density, 

viscosity, heating value and distillation temperatures. 

¶ Evaluate the surrogate fuel property predictions by comparing 

predicted and measured fuel properties for a subset of surrogate 

fuels. 

¶ Demonstrate a good match of the combustion, physical and chemical 

properties of a multi-component surrogate fuel to the properties of 

the targeted full-range petroleum Diesel fuel. 

¶ Experimentally evaluate a petroleum Diesel fuel and its matching 

surrogate fuel with single-cylinder engine tests over a range of 

engine operating conditions and combustion modes. 



6 Introduct ion 

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 full-range petroleum Diesel 

fuel and its matching surrogate were experimentally evaluated in a single-

cylinder Diesel engine over a range of engine operating conditions and 

combustion strategies.  The results were reviewed to confirm that the new 

surrogate fuels are fully-representative of petroleum Diesel fuel. 

1.4. Thesis Outline  

This thesis is organized into 8 chapters and an Appendix.  The content of the 

chapters and appendix are as follows: 

Chapter 1 provides the context and objectives of this thesis. 

Chapter 2 is devoted to an elementary review of petroleum Diesel fuel 

properties. 

Chapter 3 describes the computational methods used to conduct this 

research such as surrogate fuel modeling and gas-phase 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 5 presents the development of the Surrogate Fuel Library, surrogate 

fuel property predictions and a detailed comparison of the petroleum 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 conventional Diesel 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 condition that employed Premixed Charge 

Compression Ignition (PCCI) and Low Temperature Combustion (LTC) 

strategies.  The low temperature and high temperature heat release were 

investigated along with emissions and exhaust particles. 

Chapter 8 provides the conclusions of this thesis together with proposals for 

continued research on this topic. 

The Appendix contains the formulations and predicted properties for the 18 

fuels contained in the Surrogate Fuel Library, complete results of ASTM fuel 

property evaluations and supplemental data from the Diesel engine testing. 
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2.1. Introduction  

2ÕÄÏÌÆ $ÉÅÓÅÌȭÓ ÏÒÉÇÉÎÁÌ ÉÎÖÅÎÔÉÏÎ ×ÁÓ Á ÃÏÍÐÒÅÓÓÉÏÎ-ignition engine 

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 compression-igniti on 

combustion system.  Engine modifications were made and success was 

achieved with the liquid fuel.  For decades his invention has been 

continuously advanced and currently powers the world economy through 

electric energy generation, shipping, transport industries (rail and truck), 

heavy- and light-duty construction vehicles and personal mobility such as 

buses and passenger vehicles. Nowadays, the combustion process, the 

ÅÎÇÉÎÅ ÁÎÄ ÔÈÅ ÌÉÑÕÉÄ ÆÕÅÌ ÁÌÌ ÂÅÁÒ ÈÉÓ ÎÁÍÅ Ȱ$ÉÅÓÅÌȱȢ 

Diesel fuel is composed of hundreds of hydrocarbon species that are not 

well-characterized.  As a result of this complex and undefined composition, 

researchers create surrogates for Diesel fuel.  A surrogate fuel is a simple 

analog created from a small set of well-defined hydrocarbon species.  The 

surrogate fuel is designed to mimic the properties of a full-range petroleum 

Diesel fuel.  Surrogate fuels have many applications including Diesel spray 

characterization, chemical kinetic modeling, combustion, and emissions 

investigations.  The first surrogates consisted of one or two hydrocarbon 

components that successfully mimicked Diesel fuel properties such as cetane 

number and lower heating value.  However, these simple surrogates could 

not match other important properties such as the fuel distillation 

temperatures.  Recent work has increased the number of well-characterized 

hydrocarbons that are representative of Diesel fuel and potentially useful as 

surrogate fuel components.  These efforts have enabled 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 fuels, this chapter 

reviews Diesel fuel chemistry, fuel properties, and Diesel fuel specifications 

for the United States and Europe. 
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2.2. Diesel Fuel 

Diesel fuel is 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 petroleum Diesel.  There are a 

tremendous amount of ongoing research into advanced, alternative and 

renewable sources for Diesel fuel such as biodiesel, biomass to liquid (BTL), 

algae, natural gas to liquid (GTL), coal liquefaction and others.  The focus of 

this thesis, however, is on developing surrogates for petroleum Diesel fuel. 

Petroleum Diesel is a mixture of thousands of hydrocarbon compounds.  

Crude oil refining separates the hydrocarbons by means of a distillation  

process.  An example of a refinery distillation column is shown in Figure 2-1. 

Diesel fuel is obtained from the hydrocarbons with boiling points in the 

approximate range of 150 °C to 400 °C (450 °F to 650 °F).  In this distillation  

temperature range, the hydrocarbon molecules generally contain between 8 

and 22 carbon atoms.  The fuel is further refined to remove impurities such 

as sulfur and to improve fuel properties and chemistry.  Upon distillation, 

Diesel fuel is primarily composed of hydrocarbon classes which 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 rings.  More information 

on Diesel fuels and refining are available from Chevron [2.1], DieselNet [2.2], 

and 5 Oaks Petroleum [2.3]. 

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 standardize and improve 

fuel quality.  Examples include the World-Wide Fuels Charter [2.4], the 

United States EPA Diesel Fuel Standards [2.5], the California Diesel Fuel 

Program [2.6], and the European Committee for Standardization (CEN) EN 

590 and EN 14214 [2.7].  The global efforts to create specifications and 

improve fuel quality enable technological advancements that can lead to 

increased engine efficiency and reduced environmental impact of emissions.  

The marked reduction of fuel-borne sulfur is an example of combined fuel 

and vehicle improvements to reduce pollutants [2.8].  
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Figure 2-1: Distillation column showing the separation of crude oil into 
distillates [2.3]. 

2.2.1 Diesel Fuel Chemistry  

This section introduces the hydrocarbon molecules and classifications of the 

Diesel fuel chemistry.  The information was obtained from references [2.1], 

[2.9], [2.10], [2.11], and [2.12].  A basic understanding of Diesel fuel 

chemistry is required.  The development of surrogate fuels with desired 

properties is accomplished by selecting the appropriate hydrocarbon 

species with the necessary physical and chemical properties.  In essence, fuel 

chemistry establishes the fuel properties. 

Alkanes  (Paraffins)  

A general classification of hydrocarbon molecules that contain only single 

bonds between the hydrogen and carbon atoms are called alkanes.  They are 

often referred to as saturated hydrocarbons.  Alkanes are separated into 

subclasses based on their molecular structure.  These subclasses include 

normal-alkanes that have a linear structure, iso-alkanes that have a 

branched structure, and cyclo-alkanes that have a cyclic 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 are compounds with the same molecular formula but have different 

molecular structures.  A common example of isomers are the octane 

molecules n-octane and iso-octane.  Both molecules have the same chemical 

formula, C8H18, but the structures are different, as shown in Figure 2-2.  The 

larger the molecule the more possibilities exist for isomers of that molecule.  

For example, there are 9 isomers for C7H16 (heptane) while there are 75 

isomers for C10H22 (decane).  With regard to Diesel fuels, the isomers n-

hexadecane and 2,2,4,4,6,8,8-heptamethylnonane have important 

applications to surrogate fuels.  These large alkanes have the chemical 

formula C16H34.  However, the structural differences significantly affect 

certain fuel properties, such as cetane number.  As a result of structural 

differences, isomers of the same chemical formula are uniquely different 

compounds that can have significantly different physical and chemical 

properties. 

 

Figure 2-2: Schematic diagrams for n-octane and iso-octane showing the 
differences between linear and branched structures. 

Normal -Alkanes  (Normal -Paraffins)  

Hydrocarbon molecules where the atoms are linked to have a linear chain-

like molecule structure are known as normal-alkanes (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 (CH3).  Normal-alkanes have the 

general molecular formula CnH2n+2 where n is the carbon number of the 

molecule.  For example, n-heptane has the molecular formula of C7H16 and n-

hexadecane has the formula of C16H34.  Examples of the n-alkane molecular 

structure are given below in Figure 2-3. 

 

Figure 2-3: Stick diagrams (top) and ball-and-stick diagrams (beneath)  for 
n-Heptane and n-Hexadecane. 

Iso-Alkanes  (Iso-Paraffins)  

Iso-alkanes have a backbone with a chain-like structure, similar to n-alkanes, 

but also have carbon atoms branching off from the backbone.  Each branch 

ends with a methyl group. Like n-alkanes, iso-alkanes have the general 

formula CnH2n+2.  Molecules with the same chemical formula can have 

different branched structures.  As a result, each branched structure is a 

unique compound with its own physical and chemical properties. The terms 

iso-alkane and iso-parrafin 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 cyclo-alkanes. Two 

or more rings may be linked with some carbon atoms shared by neighboring 

rings.  Cyclo-alkanes 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 and multiple -ring structures influence 

the physical properties of the molecule.  Referring to Figure 2-4, decalin is a 
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two-ring cyclo-alkane and butylcyclohexane is a branched, one-ring cyclo-

alkane. 

 

Figure 2-4: Two-ring and branched one-ring cyclo-alkanes. 

Alkenes (Olefins)  

The alkene hydrocarbon classification is similar to the alkane classification.  

However, alkene molecules contain at least one carbon-to-carbon double-

bond.  Therefore, alkenes are considered unsaturated hydrocarbons.  Similar 

to alkanes, alkenes are classified as normal-alkenes, iso-alkenes and cyclo-

alkenes based on the molecular structures.  Alkenes rarely occur in crude oil.  

They are present in Diesel fuel in small 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 emissions.  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 C6H6.  The carbon-to-carbon bonds 

within the benzene ring have unique attributes.  They are often depicted as 

alternating double and single bonds.  More appropriately, the double bounds 

are actually delocalized and hence more flexible than standard double 

bonds.  Generally, single and double bonds have different lengths.  However, 

due to delocalization every carbon-to-carbon bond in the benzene molecule 

has the same length.  The actual bond length is somewhere between the 
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single and double bond 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 stability. 

Hydrocarbon compounds that contain at least one benzene ring are 

classified as aromatics.  Aromatics can have branched chains attached to a 

carbon atom in the benzene ring.  They can also combine to form multi-ring 

structures.  Several examples of aromatics with branched and multi-ring 

structures are shown in Figure 2-5.  Toluene and n-propylbenzene are 

branched aromatics.  Tetralin  is an aromatic compound with one benzene 

ring bonded to one cyclo-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 properties of 

aromatic hydrocarbons.  For example, an increase in the number of benzene 

rings generally increases density, boiling point and smoke point.  Aromatics 

containing a single benzene ring are classified as mono-aromatics.  Polycyclic 

aromatics contain two or more benzene rings and are also known as 

polycyclic aromatic hydrocarbons (PAH).   

 

Figure 2-5: Examples of aromatic structures: benzene, branched aromatics 
toluene and n-propylbenzene, cyclo-aromatic tetralin and polycyclic aromatic 

1-methylnaphthalene. 
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Carbon Atom Number Distribution  

The distillation process separates hydrocarbons molecules based on their 

boiling points.  As mentioned earlier, the distillation temperature range for 

Diesel fuel is from 150 °C to 400 °C.  This relatively wide temperature range 

results in a broad distribution of hydrocarbon molecules (species) whose 

carbon atom numbers vary from 8 to 24.  Figure 2-6 shows the carbon atom 

number distribution for a typical North American No. 2-D Diesel fuel, 

adapted from [2.1].  This example shows a fairly normal distribution with 

approximately 50% of the fuel mass residing in the carbon number range 14-

18.  The carbon number distributions can vary based on the source of the 

crude oil and the refining process.  The mass 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 

with in the vertical bars shown in Figure 2-6.   

 

Figure 2-6: Typical carbon number distribution from No. 2-D Diesel fuel, 
adapted from [2.1]. 
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Hydrocarbon Species in Diesel Fuel  

With the understanding that the distribution of hydrocarbon species 

influences Diesel fuel properties, researchers have employed sophisticated 

experimental techniques to identify and quantify hydrocarbon classes, 

molecular structures and individual species in Diesel fuel.  Knowledge 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 characterizations of middle distillate 

fuels [2.13].  The experimental techniques included ASTM fuel property test 

methods, gas chromatography (GC), liquid chromatography (LC) and mass 

spectrometry (MS), and a comprehensive two-dimensional gas 

chromatography (GC×GC).  Figure 2-7 provides an example of the 

experimental characterization of the fuel.  The weight percent for seven 

hydrocarbon classes were quantified at each carbon atom number.  For 

example, the data showed that tr iaromatic hydrocarbons were present in the 

14-18 carbon number range.  (Triaromatic hydrocarbons contain three 

benzene rings.)  Understanding the fuel composition supports the refinery 

efforts to control the amounts of given hydrocarbon classes, improve fuel 

quality, and adhere to Diesel fuel specifications. 

 

Figure 2-7: Detailed characterization quantifying the molecular distribution 
of seven hydrocarbon classes per carbon atom number [2.13]. 
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Researchers have gained further insight by applying sophisticated fuel 

characterization techniques to study the hydrocarbon compositions of 

market fuels.  For example, Farrell, et al., conducted a detailed analysis of 

three different market fuels [2.14].  The analysis provided the weight percent 

for several hydrocarbon classes including:  n-alkanes, iso-alkanes, cyclo-

alkanes and aromatics.  For cyclo-alkanes and aromatics, the analysis 

provided data for one-ring, two-ring, and three-ring compounds.  The results 

in Figure 2-8 show significant differences between the fuels.  Fuels A and C 

had broader carbon atom number distributions than Fuel B.  Additionally, 

the weight percent of Fuel B was dominated by cyclo-alkanes and contained 

significantly less aromatics.  In contrast, the aromatic content of Fuel C was 

significantly greater than Fuel A and Fuel B.  It is clear from this example that 

significant variations exists in Diesel fuel chemistry.  Variations in Diesel fuel 

chemistry drive the variations observed in Diesel fuel properties. 

 

 



Diesel Fuel  23 

 

 

Figure 2-8: Detailed analysis showing carbon number, hydrocarbon class and 
molecular structure for three comercial Diesel fuels. Significant variation 

exists between the Diesel fuels [2.14]. 
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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 combustion and the development of surrogate fuels.  

References for the information in this section include [2.1], [2.9], [2.10], 

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

Cetane Number  (CN) 

Diesel fuel cetane number is 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 

cetane numbers.  Fuels with high cetane number are generally considered to 

be higher quality fuels. 

Fuel cetane number is an important metric for Diesel engines as it impacts 

the start of combustion from which greatly influences engine starting, 

efficiency, performance, emissions and combustion noise.  Cetane number 

can be measured using two different test procedures.  ASTM D613 involves 

testing the fuel in a single-cylinder engine and comparing the measured 

ignition delay with calibrated reference fuels [2.15].  ASTM D6890 provides 

an alternative method that measures the ignition delay from injecting the 

fuel into a high temperature, high pressure constant-volume chamber [2.16].  

Again, cetane number is determine by correlating measurements to a set of 

reference fuels.  There are three primary reference fuels for cetane testing:  

n-hexadecane with CN=100, heptamethylnonane with CN=15 and 1-

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 Point is the maximum smokeless height 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 point [2.17].  The test procedure 

specifies the wick and lamp design and reports the flame height in 

millimeters.  Smoke point is a simple bulk fuel property that relates to a fuels 

tendency to produce soot during combustion.  Smoke point is an important 

fuel property for jet fuels and is becoming a useful metric for Diesel 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 are considered to have a lower 

tendency to produce soot.   

Thr eshold Soot Index (TSI)  

Threshold Soot Index is 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 TSI values while fuels with high sooting tendency will 

have high TSI values.  For example, n-heptane is a low sooting fuel with a TSI 

of 3 whereas toluene is a high sooting fuel with a TSI of 40. 

TSI is calculated with the method defined by Calcote and Manos [2.18] 

using the following equation: 

ὝὛὍὥ   
ὊόὩὰ ὓέὰὩὧόὰὥὶ ὡὩὭὫὬὸ

ὛάέὯὩ ὖέὭὲὸ ὌὩὭὫὬὸ
   ὦ 

Constants a  and b are defined by the test equipment.  Smoke point height 

measurements are from ASTM D1322.  In this thesis, the molecular weight 

of Diesel fuel was assumed to be 200 g/mol.  The molecular weight of the 

surrogate was calculated using a mole-weighted average of the fuel 

component molecular weights [2.18]. 

Lower Heating Value 

The Lower Heating Value (LHV) is the amount of thermal energy released 

when a unit mass of fuel is burned at constant pressure (also known as the 

net heat of combustion).  Test procedure ASTM D240N determines the lower 

heating value by burning fuel in an oxygen bomb calorimeter under 

prescribed conditions.  Temperature measurements before, during and after 

are used to compute the lower 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 release [2.19].  The lower heating value is required to calculate 

engine efficiency and other performance metrics. 



26 Diesel Fuel Properties 

Density  

Fuel density is the mass per unit volume at a specific temperature and is 

measured by ASTM [2.20].  Density is a temperature-dependent property 

and as such, fuel density decreases as temperature 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 ÉÓ Á ÍÅÁÓÕÒÅ ÏÆ Á ÆÌÕÉÄȭÓ resistance to deformation by shear 

stressȢ  $ÉÅÓÅÌ ÆÕÅÌ ËÉÎÅÍÁÔÉÃ ÖÉÓÃÏÓÉÔÙ ɉʉɊ ÉÓ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ the ASTM D445 

test procedure.  The dynamic viscosity (ʈ) is calculated by multiplying the 

ËÉÎÅÍÁÔÉÃ ÖÉÓÃÏÓÉÔÙ ɉʉɊ ÂÙ ÔÈÅ fuel density (ʍ) [2.21].  Viscosity is an 

important physical property for Diesel fuel.  It impacts the work required to 

pump the fuel through filters  and lines.  It can also impact the operation of 

high-pressure fuel pumps and injectors especially when the fuel also serves 

as a lubricant.  Viscosity is a temperature-dependent property.  As 

temperature increases the viscosity of Diesel fuel decreases.  During fuel 

injection, Diesel fuel viscosity, and its temperature-dependency, 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 curve.  During the 

procedure, a 100-ml fuel sample is distilled at ambient pressure using a 

prescribed distillation  apparatus and protocol.  The test results generate a 

distillation curve by correlating the volume percent evaporated, or volume 

percent recovered, with  the corresponding temperature [2.22].  The 

distillation curve defines the fuel boiling range, provides insight into the fuel 

composition and the potential behavior 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 warm-up.  The 

high temperature volatility reflects to some extent the amount of higher 

molecular weight hydrocarbons present in the fuel which can influence the 

formation of soot and other emissions. 

Hydrocarbon and Aromatic Composition  

ASTM D1319 provides a simple volume percent characterization of Diesel 

fuel into three hydrocarbon classifications:  alkanes, alkenes and aromatics 

[2.23].  The test procedure does not characterize the n-alkane, iso-alkane or 

cyclo-alkane content of the fuel.  To further characterize the aromatic 

hydrocarbons, the ASTM D5186 test 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 have higher 

density and higher smoke points than alkanes.  

Flash Point  

The Pensky-Martens closed-cup flash point test defined in the ASTM D93 test 

procedure provides one measure of flash point for petroleum Diesel.  The 

method quantifies the tendency of the fuel ÔÏ ÆÏÒÍ Á ǨÁÍÍÁÂÌÅ ÍÉØÔÕÒÅ with 

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 D93 is 

for one specific test apparatus and cannot be correlated with flash point 

measurements from a different apparatus [2.25].  Pensky-Martens flash 

point measurements are useful for comparing fuels.  However, it is only one 

of many properties that are required to assess ÔÈÅ ÏÖÅÒÁÌÌ ǨÁÍÍÁÂÉÌÉÔÙ 

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 multi-component surrogate fuels. 
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Properties of Market Diesel Fuels  

To explore differences in Diesel fuel properties, five market Diesel fuels were 

collected and analyzed.  The results are presented in Table 2-1.  Although not 

an exhaustive list of fuels, the results show considerable differences 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 Class-I fuel.  

Moreover, many of the Swedish Class-I fuel properties were considerably 

different from the other fuels.  The viscosity and distillation temperatures 

were lower for the Swedish Class-I fuel.  In addition, the alkane content was 

very high and the aromatic content was very low.  Substantial differences in 

fuel properties present challenges for surrogate Diesel fuels.  For example, a 

surrogate fuel designed to mimic the properties of the Tar Sands Diesel may 

not be adequate to represent the Swedish Class-I fuel.  As result, surrogate 

fuels may need to be individually tailored to represent specific fuels.  

Another approach is to develop a library of surrogate fuels with properties 

that are tailored to cover 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.  

Table 2-1:  Properties of market Diesel fuels. 

 

Fuel Property
ULSD

High-Cetane

ULSD

Mid-Cetane

Swedish

Class-I

Euro

Cert

Tar Sands

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 
o
C (kg/m

3
) 849.0 838.8 808.9 836.3 838.9

Kinematic Viscosity at 40 
o
C (cSt) 3.060 2.266 1.821 2.631 2.257

Distillation Temperature - T10

at 10 %v/v (°C)
227 204 197 187 200

Distillation Temperature - T50

at 50 %v/v (°C)
237 240 224 276 247

Distillation Temperature - T90

at 90 %v/v (°C)
312 312 269 326 303

Alkanes (volume %) 76.0 72.3 92.4 81.9 80.7

Alkenes (volume %) 7.5 6.8 4.1 5.0 3.0

Aromatics (volume %) 16.5 20.9 3.5 13.1 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 and Species 

The previous sections provided an introduction of Diesel fuel chemistry, fuel 

properties and property data for several market Diesel fuels.  The next step 

towards successfully formulating surrogate fuels is to gain an understanding 

of the properties of individual hydrocarbon species that are representative 

of Diesel fuel hydrocarbons.  Table 2-2 provides the chemical formula, cetane 

number, TSI, density and boiling point for 35 hydrocarbon species separated 

into four classifications.  Although property data was not available for all 

fuels, a study of the properties provided valuable insight and trends within 

hydrocarbon classifications.  The observations are summarized below: 

n-Alkanes 

¶ Cetane number increased with carbon number (54-110) 

¶ TSI was very low and essentially constant (~6)  

¶ Density increased with carbon number (0.683-0.789 g/ml)  

¶ Boiling point increased with carbon number (99-344 °C) 

iso-Alkanes 

¶ Cetane number varied by compound (14-67) 

¶ TSI varied by compound (limited data) 

¶ Density increased with carbon number (limited data) 

¶ Boiling point increased with carbon number (limited data) 

cyclo-Alkanes 

¶ Cetane number varied by compound (18-70) 

¶ TSI varied by compound (limited data) 

¶ Density varied by compound (limited data) 

¶ Boiling point increased with carbon number (81-282 °C) 

Aromatics 

¶ Cetane number was generally low and varied by compound 

¶ TSI varied was generally high and varied by compound (31-100) 

¶ Density varied by compound (0.862-1.041 g/ml)  

¶ Boiling point increased with carbon number (81-282 °C) 
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Table 2-2: List of representative Diesel fuel hydrocarbon compounds 
including chemical formula, cetane number, TSI and boiling point [2.1] [2.26]. 

Class 
Representative 

Compound 
Formula 

Cetane 

Number 
TSI 

Density 

(g/ml)  

Boiling 

Point 

(°C) 

n
-A

lk
a
n

es
 

Heptane C7H16 54 3 0.683 99 

Decane C10H22 77 5 0.730 174 

Dodecane C12H26 84 6 0.750 216 

Pentadecane C15H32 96 6 0.769 269 

Hexadecane C16H34 100 6 0.773 287 

Eicosane C20H42 110 6 0.789 344 

is
o-

A
lk

a
n

es
 

Iso-Hexane C6H14 34 3 0.653 61 

Iso-Octane C8H18 14 7 0.692 99 

3-Ethyldecane C12H26 48   209 

4,5-Diethyloctane C12H26 20   193 

Heptamethylnonane C16H34 15 21 0.793 240 

8-Propylpentadecane C18H38 48    

7,8-Diethyltetradecane C18H38 67    

9,10-Dimethyloctane C20H42 59    

cy
cl

o
-A

lk
a
n

es
 

Cyclohexane C6H12 18 4 0.779 81 

Methylcyclohexane C7H14 22 5 0.770 101 

Decahydronaphthalene C10H18 44 20 0.896 186 

n-Butylcyclohexane C10H20   0.818 181 

n-Pentocyclopentane C10H20    181 

3-Cyclohexylhexane C12H24 36   216 

n-Nonylcyclohexane C15H30    282 

n-Decylcyclopentane C15H30    279 
2-Methyl-3-cyclohexylnonane C15H30 70    

2-Cyclohexyltetradecane C20H42 57    

A
ro

m
a
ti
cs

 

Benzene C6H6 11 31 0.874 80 

Toluene C7H8 3 40 0.865 111 

Styrene C8H8 7 67 0.909 145 

Ethylbenzene C8H10 7 54 0.867 136 

m-Xylene C8H10 3 51 0.864 139 

n-Propylbenzene C9H12 7 53 0.862 159 

Trimethylbenzene C9H12 9 51 0.876 170 

Naphthalene C10H8 23 100 1.025 218 

1-Methylnaphthalene C11H10 0 100 1.001 245 

Biphenyl C12H10 21  1.041 256 

n-Tetradecylbenzene C20H34 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 selected Diesel fuel properties to specified values or 

ranges.  Diesel fuels are classified into several grades and the specifications 

can vary between the grades.  Examples of Diesel fuel specifications include 

ASTM D975 for North America [2.27] 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. 2-D for ASTM D975. 

In the context of this thesis, a fully-representative surrogate Diesel fuel must 

replicate the properties of a full-range petroleum Diesel fuel.  The surrogate 

Diesel fuel properties should be compared with regulated fuel specifications 

to recognize and account for any discrepancies.  The intent is to understand 

where and why surrogate fuel properties are not 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 as Lower Heating Value and TSI.  Regulated properties that 

can influence Diesel fuel spray, combustion, and emissions are summarized 

in Table 2-5.   
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Table 2-3: ASTM D975 Diesel fuel specifications [2.27] 

 

 

 

 












































































































































































































































































































































































































































































































