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Abstract 

 
Internal combustion engines running on liquid fuels will remain the dominant prime movers for road 

and air transportation for decades, probably for most of this century.  The world’s appetite for liquid 

transportation fuels derived from petroleum and other fossil resources is already immense, will grow, will 

at some future time become economically unsustainable, and will become infeasible only in the very long 

term.  The ongoing process of augmenting and eventually replacing petroleum-derived fuels with liquid 

alternative fuels must necessarily involve approaches that result in comparatively much lower net carbon 

cycle emissions from the transportation sector, most likely through a combination of carbon sequestration 

and renewable fuel production.  The successful growth and establishment of a sustainable, profitable 

alternative fuels industry will be best facilitated by approaches that integrate alternative products into 

petroleum-derived fuel streams (i.e., gasolines, diesel, and jet fuels) and consider synergistic evolution of 

and integration with prevailing refining and liquid fuel distribution infrastructures. 

The emergence of low temperature combustion strategies, particularly those implementing dual fuel 

methods to achieve Reaction Controlled Compression Ignition (RCCI), offers the potential to 

significantly improve operating efficiency and reduce emissions with minimal aftertreatment.  For all 

advanced combustion engine technologies, but especially for RCCI, a clear understanding of fuel property 

influences on combustion behaviors will be important to achieving projected engine performance and 

emissions.   

To achieve the benefits projected by emerging engine technologies, the properties of petroleum-

derived fuels themselves must be modified over time, but the effects of blending candidate alternative 

fuels with these conventional fuels must also be understood. Predicting the coupled physical and chemical 

property effects of real fuels on energy conversion system performance and emissions is a daunting 

problem, even for petroleum-derived real fuels, since each is composed of several hundred to thousands 

of individual chemical species typically belonging to one of a few organic classes (e.g., n-paraffins, iso-

paraffins, cyclo-paraffins, olefins, aromatics).  For specific combustion applications, it is often the global 

combustion response to variations in the composition of fuel mixtures - inclusive of those occurring by 

blending petroleum-derived fuel with alternative fuel candidates - that is of interest for fuel property 

optimization.  This paper presents an overview of tools used for evaluating and emulating combustion-

relevant properties of real fuels and alternative fuel candidates.  New analytical and statistical methods 

can provide important insights as to how the ensembles of distinct molecular structures found in a given 

fuel mixture contribute to the physical and chemical kinetic properties that govern its combustion in 

energy conversion processes.  Such tools can in turn assist in screening candidate alternative fuels for 

more detailed study. 
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1. Introduction 

In a novel Hottel Lecture at the 28th Symposium [1], Prof. Glassman focused on the 

challenge that the internet revolution and globalization would likely pose to the existential 

purpose of the combustion community over the coming century.  I echo here his cautionary 

dichotomy that while science is an “endless frontier” where research can be stimulated by a thirst 

for advancing knowledge of the world around us, discovering and unraveling its intricacies, and 

revealing its fundamental elegance, only by transferring fundamental discoveries to generate 

new products and services for the evolving market can true social and economic returns on 

investment in basic science be realized.  Through the intervening years, I have observed that 

Prof. Glassman’s perception endures: the ever-accelerating pace of information transfer and 

globalization has only intensified the need for transformative, close-coupled, use-inspired basic 

research and emphasized shorter time constants for technology transfer and implementation. And 

so I contend that a philosophy of use-inspired research is even more relevant today.  

The discourse over the finiteness of fossil resources, and more recently the relevance of 

greenhouse and particulate pollutants to public health and climate change, has inspired an 

immense interest in basic science. On the distant horizon, such science may enable the 

“replacement” of fossil energy and define suitable frameworks to achieve a “sustainable” energy 
future by, e.g.,  deriving new candidate fuel molecular structures through bio-refining, solar fuel 

production, photochemical hydrogen production and carbon dioxide reduction, and developing 

hydrogen as an energy carrier. Certainly, the innovative nature of such high-risk/high-reward 

basic science pursuits might result in game changing impacts that would be extremely valuable 

in shaping longer term planning and product development in the far future. Improving energy 

efficiency, reducing net carbon emissions, and/or providing “energy security” have been 
amongst the more frequently proclaimed motivators for these basic science efforts.  

However, impact from these application-motivated basic science endeavors is needed in the 

near term.  We therefore must carefully consider how we can best transform to the new, long-

term visions, even as we must conform to a trajectory compatible with, and certainly constrained 

by, world politics and economics.  Particularly in the transportation energy field, the interface of 

fundamental science and applied engineering must align with the essential realities imposed by 

the sheer size and complexity (one might call it the inertial character) of a socio-technical system 

with globally-linked infrastructure that has been shaped in large measure around fossil energy 

and in particular, petroleum. For over a century, transportation fuels, their production/supply 

infrastructure, and the evolving engine technologies that use them have been almost exclusively 

intertwined with petroleum and advances in petroleum refining technology.  

It is interesting to compare the vision of engine and fuel evolution of 1981 [2] to the vision 

for transportation today [3]. Certainly, the introduction of other energy resources based upon the 

prospect of crossing the peak of petroleum production was foreseen even then, but today’s 
consensus trajectory puts much higher emphasis on emissions and thermal efficiency, and also 

emphasizes methodologies to reduce net carbon emissions [3] while avoiding pressure on 

biodiversity, counterproductive land use, and greenhouse gas emissions impacts [4].  Today’s 
trajectory represents an amalgam of often disparate, complex national and global systems 

problems that impact humankind’s ability to achieve improved living standards, mitigate 

pollution and climate change, and prepare for a very different long term energy future.  

The dynamics of real engines, integration of electronics, sensor technologies, real time 

control, and the operating constraints imposed by environmental impacts continue to drive 

revolutionary advances in internal combustion engine technologies, with their eventual 
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deployment constrained only by market economics and social acceptance. Recent advances for 

ground transportation applications have such potential to significantly improve energy 

utilization, efficiency, and reduce emissions that they represent ever more challenging targets of 

merit for alternative energy conversion options (e.g., electric, fuel cell). Projections clearly say 

that combustion and liquid transportation fuels will still dominate transportation for the next 50 

years, and much longer [5-8], with fuels mainly produced from fossil resources [9-12]. The 

volume of legacy vehicles forces fuel evolution to consider both advancing and existing engine 

technologies, as well as integration with the current production and supply infrastructure. Carbon 

sequestration technologies, e.g. [13], cannot be avoided if we wish to address carbon pollution.  

At present, there are only two renewable alternative fuels that are widely used for 

transportation: ethanol [14], and biodiesel [15, 16].  But, neither ethanol nor biodiesel can be 

distributed through pipeline systems handling petroleum product distribution (e.g., [17]). And we 

need to understand more completely the use of ethanol on tropospheric ozone levels through 

gathering of actual data [18].  Cellulosic and algal renewable fuels will need to emerge with 

sufficient economic advantage to accelerate alternative fuel usage, and in a manner that better 

addresses fuel distribution and storage.  One way to address the latter is to produce alternative 

feed stocks that are composed of fully hydrogenated species similar to those found in petroleum 

derived fuels [17, 19]. Upgrading will require additional hydrogen, and methods for generating 

hydrogen without increasing carbon emissions are critical needs for the future.  

Non-oxygenated fuel feedstocks that are entirely compatible with petroleum have distinct 

advantages in terms of product refining, distribution, storage, and global fit-for-purpose 

certification. The strategic, international, and safety aspects associated with air transportation 

provide an example through extensive efforts to introduce non-oxygenated “drop-in” alternative 

fuels [20].  These fuels are typically fully hydrogenated paraffinic mixtures, containing few if 

any aromatics or contaminants such as sulfur, metals, etc. Blending of these stocks with today’s 

jet fuels is beneficial as a means of reducing ground and upper atmospheric particulate mass 

emissions associated with sulfur and aromatic content [21, 22]. Even here, blending is 

constrained by legacy aircraft compatibility [23]. There are indications that petroleum products 

themselves could today be processed to achieve similar reductions in sulfur and aromatics at 

costs competitive with alternative jet fuel blending, suggesting that the advantages of renewable 

jet fuels are the potential for augmenting petroleum products and decreasing net carbon cycle 

emissions [24]. Though argued that aircraft applications are better purposed [25], the high cetane 

number of many of these materials is also conducive to diesel applications without strong 

blending limit constraints [17].  Hydrotreated renewable diesel derived from algae is also under 

consideration by the U.S. Navy [26-28]. Non-aromatic alternative fuels with cetane numbers 

ranging from 30 to 70 or more (see later discussions) can be produced by varying the ratio of 

normal and iso-paraffinic fractions. 

A plethora of oxygenated species have emerged as potential ground transportation fuels/fuel 

components [29].  In addition to extensive research on alcohols [14] and their blends with 

petroleum (e.g., [30-32]), other types of oxygenated structures such as ethers [33, 34], carbonate 

esters [35, 36]  valerates [37, 38], ketones [39], furans [40-46], acetates [47, 48] and oxygenate 

mixtures of acetone-butanol-ethanol (ABE) [49, 50] have all received interest in the last few 

years as ground transportation fuel candidates, driven by their use as extenders for fossil fuels, in 

blends with fossil fuels to reduce emissions or increase octane number, and, more recently, for 

potentially lower processing and refining losses (through bio-refining methods).   
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But the implementation and scale up of any candidate requires assessments of health [41], 

ground water contamination, biochemical/thermal stability [23], physical properties, blending 

compatibility with petroleum products [37, 51, 52], fuel system materials compatibility, and 

environmental reactivity [53]. Given past controversies in the United States over methyl tert-

butyl ether (MTBE) [http://www.epa.gov/mtbe/] as a gasoline additive, it appears prudent to 

consider these matters prior to investing significantly in detailed fundamental and applied 

combustion research or production scale-up economics.  Some have suggested that the least 

complicated option to fuel integration may be hydrotreated alternative “crudes” [54] that can be 

co-refined with petroleum. The advantage is that finished fuel properties and regulatory issues 

would then be universally managed (regulated) at the refinery gate, retaining the flexibility to 

evolve fuel properties as engine technologies and fleet requirements change. Combustion 

advantages of oxygenate addition to emissions mitigation needs to be carefully assessed in terms 

of advancing engine technologies.  

The energy industry currently forecasts that the production ratio of distillate/gasoline fuels 

of today’s refineries will need to increase significantly in the future, based upon a predicted 

increase in diesel use over gasoline fueled systems [55, 56]).  On the other hand, innovative dual 

fueled engine technologies with “intelligent” engine control systems that can optimize 

autoignition quality and burning rate timing of the air/fuel charge by real time mixing of high 

cetane (diesel-like) and high octane (gasoline-like) fuels (Reactivity Controlled Compression 

Ignition -  RCCI operation) are emerging that have potential to achieve much higher efficiencies 

than highly boosted advanced gasoline or diesel concepts [57, 58]. These approaches typically 

utilize large amounts of gasoline-like (high octane, “low reactivity”) fuels to be co-used with 

diesel-like (high cetane, “high reactivity”) fuels on board the vehicle. Maintaining modified 

gasoline/diesel distribution to meet legacy and advancing gasoline [59], diesel, and dual fuel 

technologies will be challenging [60].  

Irrespective of the future directions, advances in efficient and predictive methods to 

incorporate fuel properties into computational engine design tools that replicate appropriate 

kinetic, molecular transport, and turbulence/chemistry coupling effects are needed today for 

facilitating engine and fuel technology engineering design, e.g., see [58].   The computational 

combustion modeling field has made incredible advances since the 50th Anniversary review of 

Endeavors in the sciences are making excellent contributions to developing more quantitative 

fundamental descriptions for atomization [61, 62], detailed chemical kinetics [14, 38, 63, 64], 

transport properties, and turbulence/chemistry interactions and also in advancing methods to 

produce dimensionally reduced kinetics and to otherwise speed computations.  The “Moore’s 
Law” characterization of progression in computer speeds, memory, and architecture [65] 

enabling fundamentally based engineering design “on paper” continues to be constrained by the 

levels of approximations that must be made in order to accommodate parametric computations. 

Well considered computational modeling approximations, optimized and validated to reproduce 

complex experimental observations, remain essential for producing computational engineering 

design and development tools, for interpreting applications-oriented basic research results on 

even single component and binary fuel mixtures, (e.g. see [66, 67]).   

But every real petroleum-derived and hydrotreated alternative liquid fuel for gasoline, diesel 

and jet applications is composed of several hundred to a thousand or more unique species, 

distributed among organic classes (the typically referred five are; n-paraffins, iso-paraffins, 

cyclo-paraffins, olefins and aromatics), Figures 1, 2.  In the face of new engine technologies and 

emerging fuels not derived from petroleum, we need to understand how best to integrate the new 
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fuel components into the changes that will occur in the market dominated by petroleum products. 

The remainder of this paper will discuss progress on some of the constraints and approximations 

to be considered in emulating the wide range of real fuel physical and chemical kinetic properties 

influencing applied combustion behaviors that relate to the need for this integration.  

Applications of chemical structural and molecular analysis measurements and statistical methods 

for characterizing real fuels, their molecular components, and their functional group composition 

are providing important scientific insights, evolving improved methods to model the physical 

and chemical kinetic properties that affect combustion, and to design future fuels [68]. Many of 

these approaches can already be applied to screen candidate alternative fuel species for more 

detailed study and to assure compatibility in integrating them with use in a liquid fuel 

transportation market based upon fossil (especially petroleum) derived fuels.  But first it is 

important to briefly review how the properties of real fuels are characterized. 

 

2. Characterizing Real Fuels for Engine Combustion Applications 

 

  Fit-for-purpose fuel standard specifications are applied to assure that commercially 

available fuels will achieve engine performance and emissions commensurate with the 

manufacturer’s specifications, while real “certification fuels” are typically developed for 

“qualifying” engine performance and emissions over representative operating scenarios.  

Worldwide, fuel specification standards vary by nation and region, with many adopting and/or 

cross-referencing with those of ASTM International [69] or the European Committee for 

Standardization (CEN) [70].  These fuel specification standards must allow for some variability 

in finished fuel properties in order to accommodate differences in petroleum crudes and fuel 

processing. Engines must be designed to accept these fuel tolerances. As a result, the organic 

class distribution of fuels that have been determined to be “fit-for-purpose” can vary 
considerably as should be inferred from Figures 1, 2.   

The compositional complexity of alternative fuels and components, as well as their blends 

with petroleum derived fuels can produce chemical and physical properties that frequently lie 

outside the historical experience envelope based on petroleum products.  Hence, standards 

criteria and testing for fit-for-purpose verification must evolve in response to the introduction of 

new fuel components, as exemplified in recent updates for  jet fuels [20]. Similar revisions are to 

be expected for incorporating new classes of oxygenated as well as hydrotreated alternative fuel 

components into ground transportation fuels. Developing revised standards typically requires 

considerable and expensive full-scale engine/fuel verification tests. 

Due to the lack of a quantitative fundamental understanding of the complicated multi-

chemico-physical-fluid dynamic interactions that affect engine combustion, engineering 

reference indicators developed nearly a century ago remain central to characterizing real fuels.  

Fit-for-purpose standards specify range limits for select chemical properties – element and 

species contents (hydrogen, benzene, sulfur, lead, oxygen content or specific oxygenates, etc.), 

organic class fractions (aromatics, olefinics, naphthalenes), gum content, ash, select “chemical”  

reference indicators (e.g. Research Octane Number (RON), Motor Octane Number (MON), 

Cetane Number (CN), heat of combustion, smoke point (SP), etc.), and select “physical” 

reference indicators (e.g. density, distillation curve parameters, flash point, reference viscosity, 

fluidity (freezing point), cloud point, thermal stability, lubricity, corrosion, volatility, etc.), 

depending on the intended fuel type (gasoline, diesel, gas turbine).  Each parameter can be 

determined directly by one or more approved experimental test procedures or by correlations 



8 

 

among measured parameters, for example, the cetane index (CI) [71]. Alternative fuels and their 

blends with petroleum based fuels may not fall within the petroleum history represented by these 

correlations [72].  

Engine/fuel interactions for a specific IC engine are typically expressed in terms of  

application target data (for example, autoignition, burning rates, cylinder pressure history, pre-

ignition, engine knock, super knock, specific fuel consumption, emissions, etc. for piston engines 

[60]); flash back, flame volume, flame stability, radiative loading, lean blow-out, re-light, 

emissions, etc. for gas turbines) that relate to specific engine design/operating conditions and 

fuel chemical/physical reference indicators. For example, engine knock and super knock in 

advanced spark ignition piston engines were discussed in terms of relationships to RON, MON, 

and their difference in another plenary at this symposium [60]. These and other relationships are 

developed through experimental testing, supported by theoretical interpretation and numerical 

modeling and remain central to interpreting fuel effects on applications targets. The more 

important of these are the autoignition indicators (RON, MON, CN); the sooting indicator, smoke 

point (SP); and indicators for the distillation curve. While species class composition distribution 

over the distillation curve remains unspecified, chemical analytical tools have sufficiently 

advanced in the past ten years to much better characterize such detailed features.  

What follows are some brief discussions on important reference indicators for relating fuel 

properties to both fundamental and applied research. 

 

2.1 Reference Indicators for Autoignition in Engines 

 

Reference spark ignition indicators (RON/MON) ASTM D2699/ASTM D2700 or the 

compression ignition indicator (CN) are historically based upon single cylinder engine tests and 

are ingrained quantities in developing the interface of fuel with engine requirements (indicated 

by major heat release in the cylinder charge end gas). This interface is replicated under 

conditions representing different pressure/temperature time histories for RON and MON defined 

by the engine RPM (600 and 900 RPM) and intake temperature (52 and 149 C), respectively. 

RON/MON are determined for the volume fraction of iso-octane in a primary reference fuel 

(PRF) mixture of iso-octane (ON=100) and n-heptane (ON=0) that reproduces the same 

“autoignition characteristic time” and “knock intensity” as observed for a given test fuel. The 

autoignition event in the unburned gases is dependent upon chemical reactions in the end gas and 

subsequently some heat release occurring during the compression pressure/temperature history 

imposed by the piston motion and the spark initiated turbulent burning propagation through the 

premixed charge.   

On the other hand, CN, is determined by comparing autoignition events for a fuel and a 

reference mixture of heptamethyl-nonane (CN = 15) and n-cetane (CN = 100) under the same 

liquid fuel injection timing into the engine cylinder. This phenomenon involves liquid fuel 

atomization, vaporization, and mixing, and eventual autoignition in mixing regions where local 

equivalence ratios significantly depart from the average value of the cylinder charge.  The 

observed autoignition event thus results from coupled physical and chemical kinetic controlled 

phenomena, dependent on the properties of both the reference and real fuels.  

Engine tests are laborious and require considerable fuel sample volumes.  In the last decade, 

Derived Cetane Number (DCN) methods have emerged that require only small sample volumes 

of the test fuel. The tests interpret an “ignition delay time” for the initiation of liquid fuel 
injection into a fixed volume of heated, high pressure air to an observed pressure rise (heat 
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release), correlated in reference measurements from engine test results. Statistical averaging 

from repeated injections that typically differ by as much as six DCN numbers result in very 

repeatable DCN test averages. However, the different commercial configurations sometimes 

result in conflicting DCN results outside their individually stated uncertainties [73]. Moreover, 

the numbers can sometimes differ from CN values.  

Large databases for cetane and octane numbers for individual molecular species and test 

fuels have accrued over time. Numerous correlations of such data are available. Those of Ghosh 

et al. [74, 75] are particularly interesting in that the limiting case of individual pure component 

predictions, as well as for their mixtures, and some common oxygenate components are all 

considered. Non-linear blending and addition of new species can be encompassed 

straightforwardly, including emerging oxygenated fuel candidates [76]. The merits of blending 

rules based upon molar and liquid volume have been compared [77, 78] in terms of their 

predictive uncertainties, though it appears that any distinction is mostly dependent on the 

interpretive manner in which the correlating methodologies are applied [79].  

Based upon difference in derivation methodologies and conditions, it is surprising that 

quantitatively accurate property-property relationships for octane and cetane indicators exist. The 

relationships are sufficiently accurate that DCN measurements can be converted to MON and 

RON [80].  DCN measurements on new alternative fuel candidates [76] can indicate which fuel 

pool (gasoline or diesel) is most appropriate and provide data for determining their blending 

behaviors with petroleum derived fuels [81].  

Below, each of these autoignition reference indicators and their relationship to engine 

operational modes are briefly discussed. 

RON, MON, and homogeneous charge engine applications  
 

As noted by Kalghatgi [60], the effects of gasolines on homogeneous charge engine 

combustion are related to RON and MON through the Octane Index, OI, defined as 

 𝑂𝐼 = 𝑅𝑂𝑁 − 𝐾(𝑅𝑂𝑁 − 𝑀𝑂𝑁). 

 

The difference RON-MON is referred to as the Octane Sensitivity, S, and K is a constant, 

dependent of the evolution history of P and T in the unburned gas, i.e. a function of the engine 

operating condition.  The value of K (assumed to be independent of fuel) can be arrived at 

through various approximations, but there are no fundamental theories from which K can be 

derived. The discussions in [60] touch upon RON, MON, and OI in relation to spark ignition 

engines, and (in more general terms) discuss their adaptation to HCCI/RCCI applications. The 

relevance to HCCI/RCCI applications is addressed further here, as there are continuing concerns 

that alternative indicators may be needed to characterize fuels for this application.   

The key to HCCI/RCCI engine operations is the appropriate timing of heat release in the 

engine cycle, frequently characterized as the crank angle when 50% of the total heat release 

available from the charge occurs, CA50, before or after the top dead center piston reference 

crank angle.  Both the combustion timing and combustion phasing (shape) of the heat release 

profile are important to optimizing HCCI operation power output as a function of load, as well as 

thermal efficiency, emissions, and stability [82]. The autoignition timing and heat release 

profiles for different primary reference fuel (PRF) mixtures and a specified set of engine 
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operating conditions was recently studied experimentally and numerically [83], examples of the 

experimental observations are shown in Figure 3.   

The rate of heat release (ROHR) is observed to be a complex function of the multi-stage 

kinetic behavior of the fuel air mixture; a low temperature heat release (LTHR) region, a high 

temperature heat release region (HTHR) where the major heat release occurs, and a transition 

region of intermediate temperature heat release (ITHR) which is often more difficult to identify. 

In the referenced experiments, iso-octane (PRF-100) displayed no LTHR, but increasing ITHR 

over the intake pressure range studied (1.0-1.6 bar). LTHR behavior first appeared with PRFs 

between 95 and 85 with onset pressure for LTHR decreasing with decreasing PRFs. Significant 

increases in ITHR occurred with increased LTHR, both heat release rates increasing with 

increasing equivalence ratio.  LTHR kinetics are a significant contributor to ITHR activity in 

terms of the radical pool produced as well as heat release, and both LTHR and ITHR contribute to 

advancing the crank angle location for HTHR.  

Figure 4 summarizes the general types of chemical kinetics associated with the reactivity of 

PRF mixtures, the addition of toluene to PRF-87, and pure toluene as observed in the Princeton 

Variable Pressure Flow Reactor (VPFR) [84, 85]. Figure 4 displays the reactivity profiles for 

carbon oxidation associated with destruction of the carbon containing species, as water is formed 

throughout the entire range of reactivity, principally by reactions of the hydroxyl radical, OH.  

Conversion of carbon monoxide to carbon dioxide is significantly suppressed by competition of 

hydrocarbon species and fragments with CO for OH, and thus the oxidation of CO is a principal 

contributor to HTHR.  

Detailed modeling described in [85] as well as that presented in [83] show that LTHR is 

associated with oxidation controlled by molecular oxygen addition to radicals produced by H 

atom abstraction from fuel species, primarily by OH and hydroperoxyl (HO2) radicals.  

Degenerate branching results from subsequent reactions of O2QOOH formed by QOOH + O2.  

As temperature increases, the molecular oxygen addition reactions R+O2 and QOOH + O2 slow 

as the equilibrium constants for these reactions shift toward reactants, reducing degenerate 

branching and producing the observed negative temperature coefficient (NTC) kinetic behavior.  

Note that the observed oxidation (and the associated LTHR) is largest for n-heptane 

(PRF=0) in Figure 4, with no low temperature oxidation exhibited for iso-octane (PRF-100) or 

toluene.  Toluene addition to PRF 87 competes with the PRF species for reactive radicals, 

principally OH and HO2.  The intermediates that result from the abstraction reactions with 

toluene regenerate OH and HO2 radicals much more slowly than those intermediates formed 

from OH or HO2 reactions with n-heptane or iso-octane, thus suppressing the net overall reactive 

radical pool of the mixture. Similarly, it is the competition of iso-octane for radicals produced 

from n-heptane that suppresses the radical pool for oxidation of PRF mixtures relative to that 

found for pure n-heptane oxidation.  

The NTC behavior is terminated by “hot ignition” (Figure 4), as a result of reaching 

conditions where hydrogen peroxide (H2O2) formed in the oxidation rapidly decomposes to yield 

OH radicals [86, 87].  Subsequently, degenerate branching occurs primarily through HO2 

reactions with hydrogen-containing species to produce H2O2, followed by H2O2 decomposition. 

As temperatures continue to increase, beta scission reactions of larger alkyl radicals and 

oxygenated intermediates produce smaller reactive fragments that subsequently lead to HO2 

formation and further acceleration of the overall rate of reaction and accompanying heat release 

rate. Collectively these reaction paths are responsible for ITHR.  The heat added to the reacting 

system through the combination of LTHR and ITHR subsequently lead to HTHR, associated 
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primarily with the oxidation of carbon monoxide by hydroxyl radicals. As noted earlier, carbon 

monoxide oxidation is significantly inhibited by the competition of hydrocarbon species for 

hydroxyl radicals.  

Recently, Rapp et al. [88] compared the compression ratios for achieving the same CA50 for 

a number of PRF mixtures and several gasolines spanning a range of RON and OI.   The base 

gasolines and PRF-70 were also blended with ethanol and methylcyclohexane to investigate 

oxygenate effects.  The general conclusions of this work were that OI and another recommended 

reference indicator derived for HCCI applications, the HCCI Index [89], correlated well the 

autoignition properties in their experimental studies for PRF mixtures, but not for real gasolines 

or for the effects of the additives. Moreover, their studies showed that for fuels or conditions 

requiring compression ratios higher than 15 for engine operation, no evidence of LTHR could be 

inferred.  Thus, the work concluded that new reference indices were needed for HCCI 

applications. In follow-on work [90] on ethanol/n-heptane mixtures, the blending of heptane to 

pure ethanol induced a dramatic increase in ITHR, with larger additions eventually causing 

LTHR.  In qualitative agreement with earlier work that suggested CH2O chemiluminescence was 

a good marker for LTHR and ITHR [91], modeling calculations suggested that formaldehyde 

itself would be a good marker for ITHR. This suggestion is consistent with VPFR reactivities for 

large carbon number alkanes discussed later in this paper (Figure 10). 

Conclusions derived in the recent work of Pera and Knop [92] on methodologies to 

construct surrogate mixtures for emulating fully prevaporized real gasolines in compression 

autoignition mode are at odds with the work of Rapp et al. [88]. They point out that PRFs really 

cannot match chemical properties of real gasolines other than to empirically approximate 

RON/MON sensitivity.  

In our earlier work [85], as referenced in  [93], it was pointed out that Gasoline H/C molar 

ratios vary considerably by source (though typically the order of 1.986 or less), even though they 

may share the same RON and MON. The H/C molar ratio for PRF mixtures must lie between 2.250 

and 2.286 while those of real gasolines are on the order of 1.8, directly affecting even flame 

temperatures as a function of equivalence ratio [94]. Other related effects include, Zeldovich NOx 

formation rate, mass transport issues through the definition of the local air/fuel stoichiometry in 

stratified applications, and overall air/fuel flow rates related to turbulence levels within the 

combustion cylinder.  

In our research, toluene (C6H5CH3) was added the primary reference fuel baseline with the 

intent of matching gasoline: H/C molar ratio, homogeneous reactivity as evidenced in the VPFR 

(e.g., see Figure 4), laminar flame burning rate, and flame temperatures.  As observed in Figure 4, 

toluene itself exhibits no low temperature behavior and inhibits the low temperature and hot ignition 

behavior of PRF mixtures by competing for their active radical pool. These inhibiting characteristics 

affect both LTHR and ITHR in comparison to those of PRF mixtures with similar RON and MON.  
Pera and Knop chose the following property targets upon which to base a surrogate PRF 

plus toluene composition, to which other species were added to refine the composition to have 

closer target values to those of gasolines: 

1. H/C ratio, also noting the importance of this target to emissions, lower heating value, and 

density. 

2. For oxygenated fuels the O/C ratio was used as a target. 

3. The molecular weight, MW, of the mixture. 

4. The RON of the mixture. 

5. The MON of the mixture. 
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Correlations available in the literature for mixture RON and MON values [74, 95] were compared 

with their own data correlation used in defining the surrogate formulations.   

Surrogates were formulated to represent a certification gasoline, ULG95. A PRF plus 

toluene surrogate mixture, Sur95t, was formulated first to represent RON and MON for the real 

fuel and H/C, followed by addition of ethanol to include the O/C content of ULG95 in the 

formulation, Sur95o, and finally the addition of cyclohexane and cyclohexene to the Sur95o to 

form another surrogate, Sur95f, which more closely matched the RON, MON, H/C ratio, O/C 

ratio, MWave, liquid density at 298 K, and lower heating value of ULG95.  The three surrogates 

and the ULG95 target gasoline were experimentally compared under the same controlled 

autoignition (CAI) combustion mode engine conditions with port fuel injection and negative 

valve overlap. 

The Sur95t surrogate not only behaved similarly to ULG95 in terms of autoignition and 

CA50, but the power output and engine emissions for ULG95 were also recovered. The inclusion 

of the additional surrogate components in Sur95o and Sur95f led to closer replication of all noted 

ULG95 properties and progressively closer emulation of its experimental engine combustion 

behaviors. Finally, computational results compared favorably with the ULG95 engine data.  A 

computational comparison of ULG95 experimental data and predictions using the Sur95t 

composition and detailed kinetic model were also performed using previously existing engine 

codes to analyze results using existing kinetic model components for Sur95t. 

These findings and those of Rapp et al. [88] suggest that using the OI or the HCCI index to 

analyze HCCI operation on real gasolines lead to erroneous representation of real gasoline 

behaviors unless other reference indicators are also considered. It appears that, at the very least, 

H/C and O/C should also be the same as the gasoline target if appropriate kinetically related and 

scaling behaviors of LTHR, ITHR, and HTHR are to be achieved. Homogeneous global 

combustion properties for petroleum derived gasoline can be replicated with simple mixtures of 

PRF and toluene, giving a base model to which alternative fuel component additions can be 

easily characterized.  The results of progressively adding surrogate components to further refine 

the comparisons also provide opportunities for developing more compact models for engineering 

design applications that include blending effects of alternative components.  Others have added 

different hydrocarbon components to emulate real gasolines [96].  It is likely, but could be easily 

established experimentally, that various other components can be used as well, if the surrogate 

component choices continue to reproduce the property target ranges represented by the real fuel.  

In summary of this discussion, the inadequacies of using PRFs to emulate all of the above 

property targets is responsible for their failure to properly represent real gasoline behaviors in 

engines or in fundamental research experiments, as is concluded in another paper at this 

symposium [97].  A simple mixture of PRF components and toluene continues to be sufficient 

for experimentally evaluating the effects of additional components on gasoline global 

combustion and perhaps even emissions properties. Fundamental kinetic studies on PRF 

components and their interactions with other components in mixtures are important to kinetic 

model development and testing.  Finally, dual fuel RCCI operation will likely introduce 

additional complexities resulting from techniques to stratify the charge prior to and even during 

the combustion event by the mode and frequency of fuel addition. 
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Cetane Indicators and Multi-phase Combustion  

 

That the cetane number reference indicator is a function of both physical and chemical 

kinetic properties is well established, rendering difficulties in quantitatively relating the number 

with fundamental homogeneous chemical kinetic measurements. DCN-based methods have 

found utility for experimentally characterizing the relative autoignition reactivity of ethanol and 

butanol mixtures with n-heptane [81, 98] and diesel fuels [81], as well as for pure oxygenated 

fuel candidates and their mixtures with n-heptane and diesel fuel [76].   

Others  have investigated modeling of DCN-based multi-phase autoignition observations to 

adjust low temperature chemical kinetic models to improve cetane predictions [99], or as an 

experimental source of validation information for detailed kinetic model development relevant to 

low volatility diesel and gas turbine surrogate fuel mixtures, e.g. [67].  The injection-to-injection 

variation in experimental observations alone (up to six DCN numbers) with only a single 

observable and the required complex multi-phase modeling interpretation make it difficult to 

assess the kinetic model uncertainties associated with the simulations. Schofield [100] and others 

[101] have recently commented that detailed chemical kinetic models themselves are essentially 

well considered engineering constructs, as noted in the title of the Schofield paper: Adequate as 

Engineering Models—No More, No Less.  This is the basic reason that there are a plethora of 

kinetic models in the literature, all existing for the same fuel, and the stimulus for introducing 

concepts such as PrIMe [102]. Every model published today will continue to evolve in 

mechanism and thermochemical/kinetic parameters as science advances. Such models are 

powerful tools for discovering new science and analyzing observations of applications. However, 

refining mechanistic details or parameters in a detailed kinetic system, on the basis of fluid–
chemistry calculations compared against such applications data for a limited number of 

observables appears risky.   

Other well developed experimental methods used for investigating the relative importance 

of physical and chemical fuel properties for emulating multi-phase combustion are available and 

already use multiple diagnostic capabilities [103]. These facilities have been utilized for refining 

current diesel spray models through experiments in optically accessible, constant-volume high-

pressure environments, with prototype and commercial injectors, non-reacting [104] or reacting  

[105] gas mixtures, over the ranges of gas pressures and temperatures found in engines. 

Additional details regarding several different facilities capable of performing such experimental 

studies can be found in [103]. Non-reactive data to evaluate physical/chemical properties effects 

are collected through high speed visual and optical diagnostic imaging as a function of fuel 

properties and typically include liquid and vapor penetration characterization. For combustion 

cases, imaging and optical diagnostics are applied to determine ignition delay, flame lift-off 

length, soot volume fraction, and morphology (through soot sampling) data [106, 107].  The 

experimental observations are valuable for characterizing integrated physical and chemical fuel 

effects on multi-phase combustion behaviors, including sooting.  

Figure 5 displays liquid and vapor penetration length and mixture-fraction distribution for a 

non-reacting experiment conducted with n-dodecane as fuel, along with numerical model 

predictions [66]. The comparison of experiment and modeling results were part of an effort to 

develop a skeletal n-dodecane kinetic model for use in spray combustion simulations. The data 

displayed in Figure 5 are qualitatively similar to data obtained at other conditions and for other 

liquid fuels.  
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Typical results on how alternative fuel properties affect liquid spray and vapor penetration 

are documented in the recent work of Kook and Pickett on comparison of alternative and 

petroleum derived diesel fuels [104].  In this work, the liquid penetration length was shown to 

correlate reasonably well with fuel volatility typically represented by T90, the distillation 

temperature at which 90% of the liquid fuel distillation has been recovered as vapor. 

Additionally, the length was found to be roughly proportional to the liquid density. Other 

properties such as viscosity, surface tension, and heat of vaporization also affect liquid 

penetration length which quickly reaches a quasi-steady value after start of injection. However, 

the vapor penetration length normal to the liquid jet continues to grow downstream of the liquid 

penetration length at nearly a fixed spreading angle. For the fuels studied in [104], vapor 

penetration  and spreading angle were found to be only weakly dependent on fuel volatility or 

density.  The fuels of different density and volatility had different liquid penetration lengths but 

nearly the same vapor penetration and spreading angle. The authors concluded that all cases 

displayed the same total ambient gas entrainment and fuel vapor-gas mixing.  Figure 6 depicts 

the relationship of these physical parameter indicators qualitatively with combustion 

observations including sooting properties.   

These experiments amply demonstrate that the complexity of direct injection compression 

ignition applications requires compact and well-considered approximations for coupling physical 

and chemical property effects in modeling real fuel impacts on observations.  

 

2.2 Sooting and Average Molecular Weight Indicators 

 

Both experimental and theoretical fundamental studies of sooting behavior in flames and 

their relationship to specific organic structure have provided a foundation for characterizing 

sooting behaviors of real fuels [108, 109].  The following discussion is motivated by the 

relevance of considering sooting indicators in formulating mixtures of components to emulate 

real fuel behavior in practical combustion applications.  

Smoke point (SP) is generally used as a sooting tendency indicator for jet fuel specification, 

but there is no similar reference indicator specified in standards for gasoline or diesel fuels. 

However, SP can be valuable in formulating mixtures of known species to reproduce sooting 

tendency, particularly for diesel fuels, and as an indicator impacting particulate formation.  

Smoke points are experimentally determined by the ASTM D1322 smoke point test method 

[110] or a similar standardized smoke point variant [111].  Smoke point refers a wick flame 

height at which incipient sooting appears at the flame tip, the higher the SP, the lower the sooting 

tendency of the fuel. Minimum smoke point standards for petroleum derived, and alternative jet 

fuels and their blends are limited to 25 mm (18 mm for fuels containing less than 3 vol% 

naphthalenes). Sooting tendency of a fuel is not only important to emissions, see for example 

[112], but to radiative thermal loading in gas turbine combustors [113].  

Historically, SP measurements made in various devices and laboratories were inconsistent 

with one another, and Calcote and Manos [114] resolved many of the disparities by defining a 

Threshold Sooting Index (TSI) based upon smoke point measurement and the molecular weight 

(MW) of the fuel.  To quantitatively compare the sooting tendency of various hydrocarbons, they 

proposed TSI to have a reference scale from 0 to 100 defined by the TSI values for two reference 

species as,  
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  bSPMWaTSI  .       (1)   

The constants a and b are apparatus-dependent and defined to result in TSI values of zero to 100 

based, based upon the sooting measurements for high and low sooting tendency reference species   

Mensch et al. used 1-methyl naphthalene (TSI = 100) and methylcyclohexane (TSI = 0) to define 

a and b to derive a consistent set of TSI data based upon published literature data and additional 

experimental measurements performed using the standard smoke lamp specified in ASTM D-

1322 [110]. For the case of mixtures of species, the TSI approach of Gill and Olson [115] was 

also adopted by Mensch et al. [116], who proposed and tested a linear mixing rule of TSI 

component values weighted by their mole fractions, xi: 

 
i

iimix TSIxTSI .        (2) 

The linear mixing rule was experimentally confirmed by studying mixtures of different 

components derived to produce the same TSI.  

The sooting tendency as a function of molecular class structure generally is aromatics > 

cyclo-alkanes > iso-alkanes > normal alkanes.  Discerning accurate smoke points for pure 

components having low SPs (high sooting tendency, e.g. aromatics) and high SPs (low sooting 

potential, e.g. paraffins) are not reliable as a result of flame height dimensional resolution at the 

soot breakthrough condition. To avoid these difficulties, particularly for aromatics, McEnally 

and Pfefferle [117, 118] proposed a similar sooting tendency scale based upon the maximum 

soot volume fraction, 𝑓𝑣,𝑚𝑎𝑥, measured along the centerline of a nitrogen-diluted methane 

diffusion flame doped with small quantities of the compound of interest. Laser induced 

incandescence intensities were measured at different heights in the flame and a linear expression 

for calculating the Yield Sooting Index (YSI) of a compound was proposed in the form,  

 𝑌𝑆𝐼 = 𝑐𝑓𝑣,𝑚𝑎𝑥 + 𝑏        (3) 

where c and b are constants used to scale the values of 𝑓𝑣,𝑚𝑎𝑥 based upon two chosen reference 

species. YSI is particularly valuable for defining sooting tendency of many aromatic compounds 

found in petroleum derived diesel fuel [119], but values for the alkane fractions found in fuels 

remain difficult to determine.  Mensch et al. concluded in their work that when properly rescaled, 

a consistent set of TSI values could be assembled and that both TSI and YSI results can be used 

in developing a single, consistent set of sooting tendency indicators. 

However, emerging alternative aviation and other fuels, particularly those with essentially 

no aromatic content, can have such low sooting tendencies that a smoke point measurement 

cannot be performed (SP > 50 mm) using ASTM D1322 methods (or with the YSI approach). 

This fact frustrates fuel characterization of low sooting pure species, neat alternative fuels, and 

predicting sooting for blends of them with petroleum derived jet fuels [120, 121] or for applying 

these techniques to compare the sooting potentials of gasolines or diesel fuels.  Recently, we 

have demonstrated a method to determine quantitative  (“virtual”) SPs that exceed 50 mm, in a 

manner consistent with ASTM D1322 smoke point methods and apparatus [122]. The same 

principles can also be applied to obtain more accurate estimation of SP for highly sooting pure 

species and mixtures.   

An important uncertainty associated with experimentally determining the TSI of a mixture 

of components is that of determining a mixture averaged molecular weight, MWave. We have 
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recently developed a new methodology to experimentally determine MWave of fuels with 

distillation ranges typical of gasoline, gas turbine, and diesel fuels that characteristically yields 

data with an uncertainty of less than 6 g/mole [123]. Other work has concluded that strained 

extinction measurements of diffusion flames can be better understood in terms of transport, 

chemical kinetic, and energy potentials of fuels by considering the fuel MW [124].  Moreover, 

the above work of Pera and Knop [92] on simulating real gasolines also used MWave as one of the 

formulating criteria.  Thus, accurate determination of real fuel MWave is relevant to several fuel 

properties utilized in analyzing combustion.   

Recently, it has been suggested that the inclusion of MW in the correlation function for 

sooting is unnecessary and not supported by theory [125, 126].  Despite attempts to remove the 

shortcomings of the TSI correlation method, Watson et al. [111] have pointed out that the 

normalized soot point method that was proposed as an alternative continues to suffer from large 

errors for fuels with low sooting potential. Thus, Watson et al. investigated a more precise 

method to determine the sooting point phenomena based upon fuel uptake rate measurement with 

threshold imaging (FURTI) to define the soot breakthrough condition. The fuel uptake rate at the 

point when the flame showed maximum sensitivity to mass flow rate was substituted in equation 

(2) for SP, vastly improving the uncertainty in determined TSI values for pure components and 

mixtures. The sooting tendency of paraffin components found in diesel and gasoline fuels have 

also been compared in similar wick flames using differential mobility spectrometry [127]. Other 

fundamental studies on soot volume fraction characteristics for different fuels in similar wick 

flames have also been reported.  Finally, Barrientos et al. [128] have  recently suggested a 

modification of the TSI relationships, an Oxygen Extended Sooting Index (OESI) to represent the 

influence of oxygenated fuel species on sooting tendency. Barrientos applied a functional group 

analysis to their data to attempt to relate oxygenated structural contributions as had been done 

earlier for pure hydrocarbons [129] and oxygenated hydrocarbons [130] with TSI data.  

Presently, conventional smoke points measured in various apparatus configurations continue 

to be used as a parameter for characterizing kerosene surrogate fuels via the Threshold Sooting 

Index (TSI) [116, 131],  as a parameter in correlating experimental pool fire mass burning rates, 

[132], as a submodel input for turbulent combustion simulations [133] and in formulating 

surrogate fuel mixtures, discussed below.  Similar approaches may be useful in considering fuel 

property effects in gasoline and diesel fuel sooting studies and as another target for formulating 

mixtures of components to represent real gasolines and diesel fuels. 

 

2.3 Advances in Chemical Analysis Methods 

 

Advances in chemical analysis tools and informatics have immense potential for improving 

characterization of the chemical and physical properties of real liquid fuels. Many of these tools 

have been used in the petroleum refining field for a number of years, but are only now emerging 

in importance to combustion research. 

Octane and cetane indicators are strong functions of the organic structural composition of a 

fuel. The early work of Indritz and co-workers [134] using 13C nuclear magnetic resonance 

(NMR) as a diagnostic clearly demonstrated that functional group additivity concepts (similar to 

those applied in predicting chemical thermodynamic and kinetic properties [135]) can be applied 

to predict the CN of single species as well as mixtures. NMR characterization synergizes with 

advances in paraffin, iso-paraffin, olefin, naphthenes, and aromatics (PIONA) organic class 

structure measurements, gas chromatographic (GC) field ionization mass spectrometry (FIMS) 
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and GC x GC based hydrocarbon flame ionization detection (FID) that all characterize fuel 

molecular properties [136]. Figure 2 is an example of GC x GC characterization of the detailed 

chemical composition of a real diesel fuel [137].   

NMR analysis provides complementary specific structural information regarding 

hydrocarbon mixtures that can be related to both physical and chemical properties of the fuel. 1H 

and 13C NMR can accurately resolve specific functional carbon types, e.g., α-methyl (CH3), and 

β-, γ-, δ-, and ε-methylenes (CH2), etc. and quantify important structural groups such as 

aromatic, cyclo paraffinic, normal paraffinic, and branch paraffinic groups. The data can be 

further processed to reveal additive functional group correlations. NMR analysis thus differs 

from more traditional molecular analysis methods, but molecular composition can be determined 

through appropriate mathematical algorithms.   

As early as 1990, Cookson and Smith [138] applied NMR to characterize a number of fuel 

properties for both diesel and jet fuels. Detailed molecular structure information derived from 1H 

and 13C NMR spectra correlated with detailed chemical species data has been utilized to 

determine a wide range of chemical properties [139, 140]. Since 1994, on-line process NMR 

applications have applied partial least-squares (PLS) regression modeling, in which entire (or 

partial) NMR spectral variability is regressed against chemical and physical parameter values 

obtained from primary ASTM test methods. Regression correlations have been made for a wide 

range of gasolines between 1H NMR and RON, MON, distillation parameters (T5, T10, T50, T90, 

T95), benzene content, aromatic content, olefin content, oxygenate content (MTBE or ethanol), 

and liquid density, with sufficient accuracy to certify at a refinery gasolines entering the 

commercial pool. Anjular et al. [141] have applied similar correlation approaches for 

characterizing petroleum derived and alternative diesel fuel specification parameters, including 

DCN and flash point. Bays and King [142] recently performed a carbon type analysis of 14 

different diesel fuels to compare molecular structural differences for ultra-low sulfur, renewable, 

and alternative diesel fuels. This reference is particularly enlightening in terms of demonstrating 

the reproducibility of ASTM specification parameters and advanced analytical measurements 

across several laboratories.   

At the same time, advances in applying quantitative structure property relationship (QSPR) 

and quantitative structure activity relationship (QSAR) techniques have led to improved 

predictions of cetane number [143-145], flashpoint [144], density and viscosity [146], melting 

point [147], heat of combustion [147], and laminar burning velocities of biofuels [148]. 

Recently, Saldana et al. [149] have suggested QSPR based methods for formulating alternative 

fuels for specific applications.   

Finally, the analytical methodologies briefly discussed above can be applied to new fuel 

molecular components derived for renewable resources to yield quantitative information on the 

relevance of particular oxygenated organic structures to fuel physical and chemical properties 

affecting combustion. These same methods can also guide fuel refining processes to yield fuel 

chemical species compositions [68, 150-152] that optimize performance and reduce emissions.  

 

2.4 Multi-phase Combustion Modeling with Real Fuel Properties 

  

Representing the properties of real fuels in multiphase combustion environments requires a 

mixture of many known components and a variety of organic classes.  Quantitative emulations of 

liquid density, viscosity, surface tension, distillation curve and organic class distribution across 

the distillation curve are required. Suitable chemical kinetic behaviors for each molecular class 
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and their interactions must be represented in engineering design models. The most complex of 

approaches for direct injection engines are only recently incorporating sufficient modeling 

simplifications to consider distillation class distribution using large numbers of components, and 

grouping their kinetic behaviors by organic structural considerations.  

For example, Yang et al. [153] developed a multi-component fuel evaporation model to 

represent the properties of a real gasoline during spray injection/atomization/evaporation. The 

components of the fuel were selected to include all of the classes of organic structures found in 

petroleum derived fuels. A surrogate mixture of the components was optimized to represent the 

fuel organic class and molecular weight distributions across the real fuel distillation curve, 

producing a library for all of the real fuel physical/chemical properties.  The chemical kinetic 

behavior of the surrogate fuel was developed separately by assembling a model from five 

selected kinetic descriptions of species representing the collective kinetic interactions of each of 

the five organic classes.  

Methods for integrating the predicted vaporization behavior with the chemical kinetic 

descriptions were investigated through two exemplar cases related to gasoline applications. In 

each, the local fuel vapor mixture composition was defined through a blending cetane number 

approach to formulate the fuel vapor mixture cetane number, based upon composition. The 

cetane number was then used to derive the local octane number by cross-correlation to 

investigate gasoline combustion properties.  Simulations of single-droplet and spray evaporation 

with discrete multi-component fuel cases from normal evaporation to flash boiling were 

performed and compared with available experimental data, with promising results.  A G-equation 

flame propagation combustion model was also compared with experimental data for flame 

speeds. Finally, direct injection engine simulations were compared with experimentally 

measured in-cylinder pressures. 

More recently, Krishnasamy et al. [154] performed a similar work to investigate low 

temperature engine combustion behavior of three diesel fuels with cetane numbers ranging from 

40 to 57. The same hybrid surrogate modeling approach as described above was used to 

represent each of the different fuel physical and chemical kinetic properties. A discrete 

multicomponent fuel model [155]  and a species library (Figure 7) composed of component 

physical properties that span the hydrocarbon classes and boiling point range was used to 

represent the distillation curve and all physical properties of each fuel.  A detailed description of 

the multi-component vaporization model and the method of estimation of distillation profiles 

appear in [155].  Up to two species of each class structure were used to develop the physical 

surrogate composition. Four other species were used to characterize the kinetics for each 

molecular class used in the physical property description (Figure 8).  

Each of the formulated multi-phase diesel surrogate models were applied to predict 

conventional and low temperature combustion (LTC) characteristics for experiments conducted 

in a single cylinder diesel engine using an in-house code incorporating a “MultiChem” kinetic 

model composed of 120 species and 459 reactions. Calculations were also compared with those 

using a single component surrogate with the physical properties of n-tetradecane and the 

chemical kinetic properties of n-heptane. Predictions compared favorably with experiment and 

both modeling approaches for conventional diesel operations, but the single component model 

was unable to predict combustion and emissions for LTC conditions, especially for lower cetane 

cases, as would be expected. This work illustrates the utility of reference indicators in 

constructing such models and their complexity in terms of developing detailed dependencies on 

both fuel physical and chemical kinetic properties. 
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The methodology of splitting physical and chemical property estimation methods using 

different representative species for each has been applied frequently but with fewer rigors than 

above. For example, Kerschgens et al. recently used toluene to represent the physical spray 

properties, and reduced kinetics of a mixtures of  n-heptane, iso-octane, toluene, ethanol, 

dimethyl ether, phenol and ethane to represent the kinetic aspects for simulation of direct 

injection diesel combustion with 2-methyl tetrahydrofuran, di-n-butyl ether, and their blends as 

fuel [156].  The purpose of the exercise was to build a platform for rapid initial diesel 

simulations using new oxygenated alternative fuels. Predictions qualitatively reproduced 

experimental engine pressure history and emissions.  

A somewhat different approach has been applied to represent physical and chemical 

properties of real fuels in gas turbine combustion simulations [157-159]. The multi-component 

properties of a Jet A-1 and two alternative jet fuels were described by continuous mass fraction 

distributions as a function of molar mass for each chemical class structure. Each class was 

modeled with three Γ-probability distribution functions. A single class component was assigned 

to each as the mass to be transported and to serve as the chemical kinetic modeling descriptor (n-

decane, cyclo-pentane, benzene) and spray evaporation was formulated using continuous 

thermodynamics as opposed to a classical multi-component evaporation description.  The 

approach was  applied to compare n-decane and the Jet A-1 fuel sprays with data from laminar 

[157] and turbulent [158] flow experiments.  Combustor modeling comparisons were also 

performed and included two additional alternative fuel formulations, one generated from coal, 

and another generated from natural gas [159]. Preferential vaporization effects led to different 

local liquid volume concentrations and vapor mass concentration fields of the reaction 

intermediate and product species in the combustion simulations. Differences in acetylene levels 

among the predictions were suggested to indicate potential differences in soot emissions. 

However, only small differences in the volumetric heat release envelope of the primary 

combustion zone were observed for the various test fuel cases.   

The above examples clearly demonstrate the levels to which simplifying approximations 

must be made to incorporate real fuel properties into computational design tools.  All use fuel 

H/C ratio as a reference indicator for emulating the real fuel chemical properties with mixtures.  

However, there is no standard autoignition reference indicator for gas turbine applications. 

Recently, our jet fuel research introduced the use of DCN as a “relative reactivity indicator” for 

gas turbine fuels [160, 161], a concept now more widely accepted.  For example, Kim et al. [162] 

recently used DCN along with other property indicators to construct a single surrogate 

composition for replicating both chemical and physical properties of real jet fuel behavior. 

Surprisingly, the threshold sooting index (TSI) incorporated in their earlier work [163] was not 

considered. Below the consideration of reference indicators and methods on selecting 

components and defining mixtures of components to consider multi-phase applications is further 

discussed.  

 

3. Surrogate Mixture Concepts and Approaches for Emulating Real Fuel Combustion 

Behavior. 

 

Using mixtures of known components (surrogate mixtures) to investigate the combustion 

properties of a real fuel historically began as an exercise in providing specification reference 

indicators for real fuels in a time when little could be understood quantitatively other than 

through engineering empiricism. Overviews such as [164, 165] and the early efforts such as 
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[129, 163, 166-168] quickly recognized the need for larger numbers of surrogate components to 

replicate multi-phase applications and introduced early consideration of NMR to developing 

surrogate strategies to improve emulations of sooting tendency for jet fuels [165, 169].   

Experience gained in European direct injection diesel [170] and gas turbine combustion 

[171] programs and a series of workshops [172] and follow-on discussions led to reviews and 

road maps for advancing surrogate fuel research and model construction relevant to gasoline 

[93], diesel [173], and jet fuel [174].  Emphasis was placed upon pre-vaporized chemical 

kinetic/physical property aspects, considering multiphase surrogates to be a future task.  A 

collection (palette) of surrogate components from which to generate mixtures of components 

(surrogate fuel compositions) for each type of petroleum derived fuel was developed and 

prioritized by the state of detailed kinetic modeling knowledge for each component.  Property 

targets to be replicated by the surrogate components and mixtures, development targets for 

testing and validating physical and kinetic models, and applications targets were discussed, along 

with methods to dimensionally reduce the model representations.  

More recently, a comprehensive review of diesel surrogate research appeared in 2011 [175], 

and another work further emphasized the need for and complexity of representing physical 

properties of aviation gas turbine fuels [176]. Tools for estimating physical properties of 

components and mixtures were advanced substantially in sophistication [177],  and the resulting 

criteria were applied to evaluate the “physico-chemical authenticity” of a number of previously 

proposed jet fuel surrogates [178, 179].  Impressive progress has been made on detailed chemical 

kinetics related to the original fuel palettes [93], [173], [174] and in developing model reduction 

methods e.g. see [63, 180].  Efforts have improved kinetic descriptions of n-alkanes [181] and 

weakly branched alkanes [182] over a wide range of carbon numbers [183], with further work on 

n-and iso-cetane [27, 184], cyclo-alkanes [185] and decalin [186].  Higher molecular weight 

alkyl aromatics [187], including those found in diesel fuels [188, 189] are continuing to be 

addressed. Tools to create kinetic models more rapidly by using reaction class construction 

methods, for example, [181-183], or by computational mechanism generation [63, 180, 190, 

191], have become more widely applied. Tools to assemble multi-species fuel models, along 

with multiple approaches to numerically reduce constructs have also become available through 

several commercial enterprises. 

 

Some Comments on Selecting Surrogate Components and Testing Mixture Behaviors 

 

Here remarks, are limited to brief commentary on the state of the field from a personal 

perspective gained from involvement in surrogate fuel work beginning prior to 2007 [192] and 

driven by an even longer term fascination with engineering applications [193].  A first pragmatic 

observation is that combustion-related behavioral aspects of a real fuel and another fuel are best 

quantitatively compared to each other by actual experiments involving each over a wide range of 

venues, from fundamental to applied scale.  

However, a potential alternative (certainly a powerful supplement) to experimental testing 

and complex model comparisons is emerging, as demonstrated in a recent work on developing 

diesel surrogates [77].  The hypothesis of the approach is that if all of the engineering parameters 

used to characterize a real fuel are known, along with detailed knowledge of its chemical 

structural composition, then a surrogate mixture developed to share the same collective 

characteristics will have identical combustion behaviors. There is justifiable optimism that 
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replicating the chemical structural characteristics represented by the collection of species found 

in any fuel can be the most appropriate quantitative target for a surrogate mixture [194].  If a 

surrogate mixture composition shares the same functional group distributions over the 

distillation curve as the real fuel, then all of the fuel combustion property-related behaviors will 

be closely shared in any combustion configuration.  

In Mueller et al. [77], quantitative 1H and 13C NMR spectral integrals and elemental 

analyses of the target fuel were used to define eleven carbon types (among the ninety-nine 

carbon elemental groups) in the real fuel based upon a hypothesis that the chosen groups should 

allow the sooting and other characteristics over the range of diesel fuel properties to be 

represented. Through optimizing differences in fuel properties of the real fuel and surrogate 

composition, an eight-component surrogate was determined from a larger library of choices that 

included representation of each hydrocarbon class: (3) normal alkanes, (1) iso-alkane, (1) cyclo 

alkane, (1) cyclo-naphtho aromatic, and (2) alkyl aromatics. Only the cycloalkane had an alkyl 

side chain longer than CH3. It was demonstrated that the reference indicators for diesel fuels and 

physical/chemical properties of a real fuel could be recovered to reasonable accuracies by 

mixtures with as few as eight surrogate components.   

The level of characterization of fuels and surrogate model development through this 

fundamental formulation approach is receptive to including modified or new reference indicators 

and additional classes or functional groups to represent oxygenated alternative fuels, and the 

approach yields a surrogate that should be physico-chemically authentic [178, 179].  Several 

important matters are left unresolved.  For example, it is unclear whether analyses at the carbon 

bonding level or at a functional group level may be more advantageous, or whether further 

reductions in the numbers and classes of surrogate components might be possible. Finally, using 

separate component mixtures for physical and chemical kinetic properties similar to those 

employed by [154] might also permit simplifications in the needed kinetic models.  

It is interesting to note that the formulated surrogate did not replicate the molecular class 

composition of the subject real fuel. The investigation on jet fuels noted above [192] offers some 

further insights on this result. Dryer and co-workers developed an a priori methodology to 

formulate surrogate mixtures for vapor phase combustion, requiring only limited knowledge of 

the molecular class composition of the specific real fuel.  A real jet fuel is composed of generic 

chemical class structures that through their reactions collectively contribute producing a much 

smaller pool of distinct chemical functionalities (Figure 9). These distinct chemical 

functionalities define the “active radical pool” through their further reaction, which in turn is 

responsible for abstracting hydrogen from the original fuel components. If there is little 

interaction amongst the large radicals produced in the abstraction process, then the major organic 

classes found in jet fuels primarily produce three distinct chemical functionalities: n-alkyls, iso-

alkenyls (generic isomerized alkene sources) and benzyl-type functionalities. Initially, Dryer et 

al. assumed cycloalkanes did not represent additional distinct functionalities beyond those 

already available from the reactions of normal-alkanes and iso-alkanes in the presence of 

significant aromaticity. Further reactions of the distinct functionalities to form fragments of C4 

and smaller, eventually regenerates the radical pool leading to the hydrogen abstraction reactions 

that along with thermal decomposition consume the original fuel components. In principle, if a 

fuel generates the same distribution of distinct chemical functionalities, the actual molecular 

class fractions of the fuel do not necessarily need to be reproduced in order to share the same 

global combustion properties.  Each molecular structure of the original fuel composition may 

contribute to the pool of several distinct functionalities. And, in fact the complex compositional 
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structure of a real fuel suggests that its reactions produce an interacting radical pool of many 

specific fuel structures, evolving over the reaction history, a situation very different than the 

evolution of a radical pool specific to the pyrolysis/oxidation of a single species.      

This conceptual theory was applied early-on to select a set of reference indicators - DCN, 

H/C molar ratio, MWave, and  TSI - as “fuel combustion property targets” that if shared by 

another fuel, would result in similar fully prevaporized global combustion behaviors.  A minimal 

set of surrogate components were selected based upon their ability to contribute to the three 

distinct functionalities mentioned above.  A 1st generation surrogate composition (n-dodecane, 

iso-octane, and toluene) was defined that could emulate the H/C ratio and DCN, but not both the 

TSI and MWave of the specific reference real fuel simultaneously, with the intention that there 

were developed models for its components to offer an analysis of the results.  A 2nd second 

generation composition (n-dodecane, iso-octane, 1,3,5, trimethyl benzene, and n-propyl benzene) 

was found to replicate all four property target combinations. The formulation methodology was 

tested experimentally in a wide range of venues and experimental conditions to compare real fuel 

and formulated surrogate mixture global combustion, with the expectation that additional 

property targets might emerge.  The method was proofed using a Jet A fuel sample (POSF 4658) 

and a synthetic paraffinic kerosene (POSF 4773 S-8) as fuel targets [120, 161]. A wider range of 

JP-8 fuels and fully hydrogenated, synthetic fuels from natural gas, coal, and bio oils and 

alcohols has since been similarly studied [120, 121, 161, 195]. Higher molecular weight n-

alkanes and iso-alkanes have been added to the 2nd generation surrogate component pallet [195, 

196], and the surrogate concept has also been shown to apply to producing mixtures of multi-

species hydrocarbon fluids, including other fuels, to emulate the global combustion properties of 

a target jet fuel [131, 197].   

On the basis that the surrogate fuel closely replicated the combustion behavior of the real Jet 

A fuel (even at the detailed intermediate species level [120]), a simple functional group 

additivity analysis was applied to the 1st generation and several different 2nd generation surrogate 

compositions that all closely shared the same property targets. The findings are enlightening. 

Discounting the small amounts of carbon present as CH and quaternary carbon, it was found that 

all of the mixtures represented nearly identical molar distributions of CH2, (methylene) CH3, 

(methyl) and C6H5CH2 (benzyl) functional groups [121].  The collection of the combustion 

property targets apparently serves as descriptors for a quantitative chemical structure-chemical 

property relationship (QSPR), supporting that surrogate compositions can be simpler than those 

suggested by replicating each molecular class found in a real fuel at a higher level than 

considering individual chemical bonding.  

Normal- and iso-alkanes typically dominate the class composition of all-fit-for-purpose, 

petroleum derived fuels, and the peak active radical pool produced in the oxidation of each class 

present is ordered as n-alkanes > iso-alkanes > cycloalkanes > aromatics [94].  Methyl and 

methylene groups are the primary constituents of the alkanes, with the number of consecutive 

methylene groups defining the chain length of n-alkyl radicals. The propensity of an n-alkyl 

radical to undergo the lowest activation energy alkyl peroxy radical isomerization requires at 

least three successive CH2 groups in the molecular structure. As the carbon number of an n-

alkane radicals increases, the probabilities for oxygen addition to form hydroperoxides and 

ketohydroperoxides yielding degenerate branching also increases. Thus one might expect a 

diminishing constraint on low temperature activity with increasing alkyl carbon chain length. 

 Figure 10 compares VPFR reactivity data for a series of n-alkane fuels from n-heptane to 

n-hexadecane, all at the same carbon loading and at an equivalence ratio of one [198-200].  
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There is a significant increase in low temperature and negative temperature coefficient reactivity 

as carbon chain length increases from n-heptane to n-decane, with smaller increases occurs with 

increasing carbon number from n-dodecane to n-cetane, as evidenced in the oxygen, carbon 

monoxide, water, and formaldehyde reactivity profiles. Cetane number differences are strongly 

correlated with increasing carbon chain length from ten to twenty [201]. Finally, the beginning 

and end of LTHR and the beginning of ITHR (coinciding with the hot ignition transition) are 

clearly delineated by the formaldehyde reactivity profiles (Figure 10d).  As noted earlier, the 

second formaldehyde profile defining the end of ITHR and beginning of HTHR is related to the 

collective failure of the hydrocarbon fragments to inhibit oxidation of carbon monoxide through 

competition for OH [94, 193, 202]. 

The ratio of methyl to methylene groups is also indicative of the degree of branching present 

in an iso-alkane. The site(s) where branching occurs affects the structure of the resulting alkyl 

radicals, the distribution and structure of alkenyl fragments formed [193], and hence the small 

species kinetics that regenerates the radicals consumed through fuel destruction. The extent of 

methylation in the fuel structure (extent of isomerization) reduces the radical regeneration per 

radical consumed in comparison to n-alkanes and hence the overall radical pool diminishes by 

iso-alkane addition to a reacting mixture of n-alkanes. This result is in evidence in the PRF 

mixture reactivity profiles shown in Figure 4. 

It is equally important to recognize that the ignition delay time for fundamental oxidation 

experiments of pure components and their mixtures, characterized by heat release, OH radical 

growth, or maximum CO + CO2 emission again denotes the characteristic time at which rapid 

oxidation of the remaining CO occurs.  Figures 11, 12 compare predicted fuel consumption and 

C2-C4 olefin profiles for the isochoric, adiabatic oxidation of hydrogen, methane, n-heptane, n-

cetane, and iso-cetane as a function of time normalized by their respective ignition delay times. 

The predictions are compared for three different initial reaction temperatures and two different 

pressures. In Figure 11, hydrogen and methane cases are unique in that little fuel is consumed 

prior to the occurrence of the predicted ignition, primarily due to slow initiation reactions.  The 

fuel disappearance of each of the other fuels changes with pressure and temperature, molecular 

chain length, and isomeric structure.  The nature of these effects produces significant differences 

in C2-C4 olefinic species distributions over the ignition delay period (Figure 12). Though not 

shown, the composition of the C2-C4 olefin fraction profiles also vary with fuel and conditions.    

Low and intermediate temperature as well as high temperature kinetic behavior of alkane 

mixtures are also significantly affected by the addition of benzyl type functionalities, primarily 

because of the unique stability of the radical site located at the alpha position to an aromatic ring, 

which is characteristically reliant on bimolecular reaction for consumption.  The reactivity 

characteristics of n-propyl benzene, 1,2,4-trimethyl benzene, and 1,3,5-trimethyl benzene are 

compared in Figure 13a.  It is noted that the presence of a longer alkyl side chain in n-propyl 

benzene leads to the lowest hot ignition transition temperature. None of these aromatics display 

significant low temperature oxidative activity.  Though the individual oxidative behaviors of 

each alkyl aromatic are different, the addition of each to n-decane results in the same inhibition 

of low temperature reactivity and hot ignition properties for the binary mixtures (Figure 13b, c). 

This is to be expected as they each represent the same chemically distinct functionality discussed 

earlier.  

At higher temperatures, the decomposition and oxidation rates of the benzyl species formed 

are considerably slower than those for alkyl and iso-alkyl species, leading to delayed oxidation 

of their carbon content in comparison to the alkane. These interactions have significant effects on 
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the chemical composition of alkenyl species and heat evolution with extent of destruction of the 

original fuel species over the ignition delay period.  It should be noted that multi-phase 

atomization, vaporization, and fuel vapor-air mixing will yield a complex temperature and 

mixture history that may also affect C2-C4 olefin distribution and time history.  

Producing mixtures of components to replicate the properties of a single molecular species 

is also instructive in terms of distinct functionality characteristics, selecting surrogate 

components, and component classes. For example, the presence of longer normal alkyl side 

chains on benzyl functionalities are of special interest to diesel fuel characterization.  Normal-

decyl benzene was suggested as a surrogate component for diesel applications [173] and it is 

difficult to generate fundamental experimental data for such  heavy hydrocarbons. The molecular 

weight of such hydrocarbons presents significant experimental difficulties in producing gas 

phase kinetic reference data.  Recently Darcy et al. [188] investigated approximating the 

behavior of this species with mixtures of n-propyl or n-butyl benzene with n-heptane.  While the 

H/C ratios of the mixtures were matched to those of n-decyl benzene, no kinetic data on the 

target fuel was available to compare with that for the two mixtures suggested as surrogates.  

However, the chosen surrogate compositions do not appear to simulate the kinetic behaviors 

of n-decyl benzene well.  This can be concluded by comparing the DCN and TSI reference 

indicator property targets for the surrogate mixtures with ones estimated for n-decyl benzene.  

The cetane number of n-decyl benzene must lie between those for n-octyl benzene (~50) and n-

dodecyl-benzene (~68), in the range of ~58 [134, 201]. This value is much higher than the cetane 

numbers estimated from data in the literature and linear volumetric mixing rules for the 

surrogates of n-propyl benzene/n-heptane (~32.4) and n-butyl benzene/n-heptane (~28.5) 

recommended by Darcy et al. The disparity results from the fact that the fractional contributions 

of the adjacent CH2 groups present in the surrogate component mixture do not provide the same 

probability that the n-decyl side chain offers for hydroperoxides and ketohydroperoxide 

formation. Essentially the distinct functionalities present in n-decyl benzene are not provided by 

a mixture of these alkyl aromatics and n-heptane that matches the H/C ratio.  A mixture of a 

much higher carbon number n-alkane with an aromatic is required, e.g., a toluene and n-

hexadecane mixture yields nearly the same H/C and DCN as n-decyl benzene.    

In a similar exercise, reproducing the combustion property targets of 2-methyl heptane  

(2mH) using mixtures of n-decane and iso-octane has been [121].  The resulting reactivities of 

the surrogate composition and 2mH sharing the same H/C and DCN were shown to be identical. 

Though kinetic studies for weakly branched alkanes are significant for furthering detailed 

chemical kinetic understanding, it appears that it is unnecessary to include this molecular class in 

surrogate mixtures, since it produces the same distinct functionalities as mixtures of more 

heavily branched isomers with normal alkanes. Moreover, in real fuel compositions, there will 

likely be many such isomeric and carbon chain length permutations. 

Finally, in reconsidering the significance of cyclo-alkanes as surrogate components, we 

recently added methyl cyclohexane (MCH) to mixtures of n-decane, iso-octane, and toluene in a 

manner to reproduce the same combustion property targets as that of a 1st generation surrogate 

composition [161] used to emulate Jet A POSF 4658 [203]. It was found experimentally that the 

reformulated surrogate was composed of nearly the same fractions of n-decane and toluene, with 

essentially an adjustment in only iso-octane fraction to include MCH. In VPFR experiments, the 

two surrogate compositions replicated the target fuel and each other at low temperature and high 

temperature global reactivities. During hot ignition transition conditions (ITHR), however, the 

decomposition of radicals formed through MCH resulted in an accelerated reaction rate. In a 
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separate paper [204], similar behaviors were noted in VPFR reactivity experiments comparing 

surrogate component mixtures of hydrocarbon fluids with and without cycloalkane contents with 

the same real jet fuel. Depending on the global combustion parameters of a real fuel that are of 

interest, it may be that cycloalkane and iso-alkane classes are essentially interchangeable in 

formulating surrogate mixtures, especially when aromatic fractions are also present. 

In summary, it is apparent that the assumption that all classes of organic structure found in 

real fuel must be available in a surrogate component palette may be overly restrictive in terms of 

surrogate formulations. The numbers of surrogate components needed to emulate real fuel 

kinetic related combustion properties may be fewer than the classes found in the fuel.  Clearly, 

the intermediates produced in the reactions of some species are significantly different from 

others, and satisfactory surrogate approximations will be dependent on the details to which one 

wishes to reproduce real fuel combustion behavior.  Of course, at some level of detail, all 

surrogate mixtures will fail to replicate the details of real fuel combustion characteristics. 

However, it can certainly be inferred by the observations presented here that chemical reactions 

occurring between large molecular weight radical species and fuel components or large 

molecular weight intermediates are of limited importance in formulating surrogates (and models) 

for real fuels.  

Much still needs to be explored in creating a flexible and appropriate procedure for selecting 

the most appropriate surrogate component pallet and mixture procedures to minimize the number 

of components needed for replicating chemical kinetic behavior of a real fuel, while also 

accommodating inclusion of alternative fuel species, including various oxygenated structures. 

The disparity in terms of numbers of surrogate components needed to replicate distillation curve 

properties in comparison to the likelihood of much smaller numbers to represent kinetic behavior 

favors approaches separating the two needs as demonstrated in the works of Reitz and co-

workers. Creating compact models for kinetics such as those produced by Reitz and co-workers 

[154, 205, 206] or demonstrated in the recent work of Ranzi and co-workers [207-210] appear to 

be needed for introducing more detailed chemical kinetic behaviors into combustion design 

applications.  The “physico-chemical authentic” [178, 179] approach of representing both 

physical and chemical properties with the same surrogate components, e.g. [162], appears more 

cumbersome, and less flexible in terms of considering mixtures of alternative and petroleum 

fuels, and more computationally intensive.   

  

4. Conclusions 

The world’s appetite for transportation fuels derived from petroleum and other fossil 
resources is immense, will grow, will be unsustainable at some point, and will become infeasible 

in the very long term.  There is no doubt that internal combustion engines running on liquid fuels 

in large measure derived from petroleum will remain the dominant prime power sources for road 

and air transportation for decades, probably for much of this century.  Alternatives to petroleum 

derived fuels must emerge with comparatively much lower net carbon cycle emissions. The 

successful growth and establishment of a sustainable, profitable alternative fuels industry 

depends upon integrating alternative products into evolving petroleum derived gasoline, diesel, 

and jet fuel, with as much compatibility as possible, inclusive of fuel distribution and storage.  

In the face of new engine technologies and emerging fuels not derived from petroleum, we 

need to understand how best to integrate the new fuel components into the changes that will 

occur in the market dominated by petroleum products.  An important issue to improving fuel 

efficiency and reducing emissions through new engine design and fuels is to advance the state of 
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near-term capabilities of computational design tools to encompass real fuel properties.  Fuels 

must evolve to facilitate advanced diesel/spark ignition as well as emerging RCCI technologies 

while still supplying fuels to the legacy vehicle population.   Advanced surrogate fuel concepts 

and modeling capabilities are essential to this exercise, given the limitations and costs of 

empirical engineering design and the practical needs for fuel standardization.  

The principal thrust of this paper has been on only one of the sub-modeling areas, 

formulating methodologies of and constraints for representing the kinetic and physical properties 

of real fuels on vapor phase and multi-phase combustion system performance and emissions.  It 

is very important for us to assist this area on a short time scale as we consider the fact that 

combustion is moving toward engine designs that emphasize more strongly controlling the real 

time history of combustion through chemistry so as to increase combustion efficiency and reduce 

emissions.   

Finally, it is important to determine what accuracy in models is needed for reproducing the 

chemical kinetic and physical property effects of fuels on combustion performance and 

emissions.  As early as my first involvement in this field at a workshop in 1978 [193], the 

recorded discourse includes  an inquiry of the engine designers as to what accuracy of kinetic 

models would satisfy their needs. There was no firm answer available. I have similarly inquired 

many times and, even today, there appears to be no firm opinion.  
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Figure 1: Typical distillation range and organic class distributions of species found in 

gasoline, diesel, and jet fuels. From Zhang et al. [168].  
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Figure 2: Two Dimensional GC analysis of a specific Diesel fuel sample. The diameter of 

each data point represents relative mass fraction of the specified molecular class and carbon 

number distribution in the fuel sample. From [137].  
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Figure 3, Rate of heat release (ROHR) as a function of engine crank angle (CAD) for various 

Primary Reference Fuel (PRF) mixtures. Engine operation at a compression ratio of 17:1, intake 

pressure, 1.4 bar.1800 rpm, and fueling at phi=0.4, and 50% heat release (CA50) adjusted to 6 

degrees ATDC. Heat release profiles are scaled by total energy input. a) Profiles showing low 

temperature heat release (LTHR) and high temperature heat release (HTHR).  b) Magnified image 

of LTHR behavior. Note the transition between LTHR and HTHR has a different Intermediate 

temperature heat release (ITHR) profile as a function of PRF mixture.  From [83].  
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Figure 4: Mole Fraction (CO + CO2) kinetic reactivity for PRF, PRF 87 + 21% toluene, and 

pure toluene. Experiment: PrincetonVariable Pressure Flow Reactor. Mole fraction of species 

as a function of initial reaction temperature.  Conditions: 12.5 atm pressure, reaction 

residence time 1800 ms, 670 ppm carbon content (by vol) at ϕ = 1. The reactivity figure inset 

for various fuel mixtures is from [85]. 

 

  



38 

 

 

 
        a)       b) 

 

Figure 5: Comparison of liquid and vapor penetration lengths for experiments with 

predictions for n-dodecane at 900 K non reacting gas temperature and 71.5 bar pressure. a) liquid 

spray penetration and vapor penetration lengths as a function of time after start of injection 

(ASI). b) mixture fraction distribution v radial distance from spray centerline at two different 

axial positions at 1 ms ASI. Other pertinent parameters for the experiment are available in the 

paper. From [66]. 
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Figure 6: Conceptual sketch of flame properties and soot processes near the lift-off length in 

turbulent lifted jet flame adapted from the work of Pickett and Siebers [105]. The schematic 

shows one-half of an axisymmetric jet.  
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Figure 7: Surrogate species library used to emulate distillation and physical properties of 

diesel fuels. From [154].  
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Figure 8: A molecular class approach to representing the chemical kinetics of multi-

component descriptions of fuel distillation and physical properties. From [154].  
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Figure 9: Schematic representation of the distinct chemical functionality concept for 

surrogate fuel formulations, adopted from Dooley et al.  [120]. 
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Figure 10:  Princeton Variable Pressure flow reactor oxidation reactivity data for n-C7 – n-C16 

alkanes as a function of initial reaction temperature. a) O2; b) H2O; c) CO; d) CH2O. Conditions: 

8 atm, 0.3 mole% carbon,  = 1.0, and 1.0 s residence time. From [198-200].  
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Figure 11: Fuel profiles during ignition of stoichiometric fuel/air mixtures at isochoric 

conditions for the given pressures and temperatures. The fuel mole fraction (XF) has been 

normalized by the corresponding initial mole fraction (XF,0); profiles are plotted as a function of 

time normalized by the respective ignition delay time, tign, for each condition. Kinetic Modeling 

sources: H2 [211]; CH4 [212]; n-Heptane [213, 214]; n-Cetane [181]; iso-Cetane [215]. From 

[216]. 
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Figure 12: C2-C4 olefin production, expressed as the mass fraction of fuel consumed 

[YCnH2n/(YF,0-YF)], during ignition of stoichiometric fuel/air mixtures. The profiles are plotted as 

a function of time normalized by the respective ignition delay time, tign, for each condition.  

Same conditions and modeling sources as in Figure 12. From [216]. 
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                              a)          b) 

Figure 13:  VPFR reactivities of C9 aromatics, and mixtures of 80% n-decane/20 % molar 

percent aromatics. a) Comparison of pure n-propyl benzene, 1,2,4 tri methyl benzene, and 1,3,5 

trimethyl benzene.  b) Carbon monoxide reactivity profiles for 80% n-decane/20% molar volume 

mixtures of each aromatic.  Conditions: 1000 ppm fuel, 15500 ppm O2,, Pressure, 12.5 atm, 

reaction residence time, 1.8 s.  
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