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 Gaining deeper insights into cool diffusion flames (CDFs) can significantly enhance engine 

efficiency and reduce emissions, while also filling in knowledge gaps relating to explosion 

initiation and the transition from smoldering to flaming fires. While detailed computational fluid 

dynamic (CFD) models can simulate CDFs, they require substantial computational resources due 

to the need for detailed chemistry and transport resolution. To circumvent these challenges, this 

study utilizes an alternative approach using Cantera autoignition simulations, which presumes 

isobaric, adiabatic conditions. The fuel, n-heptane, is analyzed through six kinetic mechanisms 

that capture the spectrum of low and high temperature chemistry. The observed ignition process – 

manifesting as single, two, or three-stage ignition – is observed to vary with initial conditions. 

Analysis of ignition delay times unveils the Negative Temperature Coefficient (NTC) behavior, 

crucial for the existence of stable cool flames. The critical transition temperatures, such as the 

lower and upper turnover and the crossover temperature are also identified, along with the key 

chemical species produced during the two-stage ignition process. The peak temperature range for 



  

stoichiometric n-heptane CDFs is determined to be between 653 and 804 K, aligning favorably 

with previous experimental measurements. While the first-stage ignition delay time remains nearly 

constant, the second-stage ignition delay time noticeably decreases as the mixture becomes richer, 

up to an equivalence ratio of 32. This reduction is attributed to the rapid temperature increase 

caused by a larger fuel quantity, which accelerates high-temperature chemical reactions. The NTC 

temperature range is also seen to shorten as the mixture composition gets richer. While the six 

chemical kinetic models examined concur about the existence of an NTC regime, variations are 

observed in the threshold temperatures. The insights gained from this study enhance the 

understanding of CDFs, setting a foundation for future research into different fuels and varying 

conditions. 
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Chapter 1: Introduction 

Even with the advances made in renewable energy technologies, global energy 

production continues to rely heavily on the combustion of fossil fuels mainly due to 

their ease of handling, high energy density, and portability compared to many other 

forms of energy [1]. Yet, burning these fuels in internal combustion (IC) engines emits 

harmful pollutants like nitric oxides (NOx) and soot, detrimental to human health, 

alongside carbon dioxide (CO2), a significant greenhouse gas contributing to global 

warming [2], [3]. Hence, the need for cleaner and more efficient combustion processes 

and engines is imperative. Electric motors have yet to reach the performance and 

reliability standards set by IC engines in almost every application. They also rely on 

potentially scarce materials and use electricity often generated from the same fossil 

fuels they seek to replace. 

Recent advancements in low-emission engine technologies such as 

homogenous charge compression ignition (HCCI), premixed charge compression 

ignition (PCCI), and reactivity-controlled compression ignition (RCCI) could help 

meet this need [4], [5]. In such engines, autoignition through cool flames plays a crucial 

role in combustion, yet this process remains inadequately understood. Furthermore, the 

thermal efficiency of existing IC engines, around 38%, has the potential to rise to 60% 

with the development of future ultra-lean and low-temperature engines that leverage 

cool flames. 

Developing chemical kinetic models is essential to improving combustion 

systems for better efficiency and reduced emissions. These models, through 

computational analysis, and varied condition simulations, provide analytical insights 
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into autoignition, heat release and low-temperature kinetics. The research in this work 

focuses on studying cool diffusion flames utilizing autoignition delay characteristics of 

n-heptane autoignition simulations. 

Additionally, enhancing our understanding of CDFs can significantly boost 

both fire safety and process safety measures. Typically, large-scale explosions are 

triggered by strong ignition sources, including electric arcs or open flames. However, 

a lesser-known ignition pathway involves weak ignition sources coupled with cool 

flames. For instance, it's suspected that the combination of air ingress and a cool flame 

was behind a notable industrial explosion [6]. Furthermore, the potential for CDFs to 

ignite and sustain themselves in the unique environment of spacecraft highlights their 

importance. The phenomena of smoldering fires transitioning into flaming ones are 

marked by conditions—specifically, gas temperatures and mixture ratios—that are 

favorable for CDFs. Additionally, spontaneous combustion incidents, such as those 

involving oily rags or biomass, occur at temperatures where CDFs are known to be 

stable. 

1.1 A historical overview of Internal Combustion (IC) engines 

 The earliest evidence of a functioning engine dates back to the early seventeenth 

century, when Dutch mathematician and physicist Christiaan Huygens conducted 

experiments with gunpowder engines. Progressing from Huygen’s initial experiments, 

the first commercial internal combustion (IC) engine was engineered by J.J.E. Lenoir 

in 1860. This model, a spark ignition (SI) engine, with a two-stroke cycle, was capable 

of delivering up to 6 hp and an efficiency of 5%. In 1867, German engineer N. A. Otto 

introduced an atmospheric engine that operated on a two-stroke cycle and achieved an 



 

 

3 

 

11% efficiency. By 1876, Otto had improved his design to incorporate a four-stroke 

cycle, substantially lightening the engine and boosting its efficiency to 14%. This 

development, together with a French patent granted in 1884, provided the essential 

groundwork for the IC engines of today, setting the standards for peak performance 

and efficiency [7], [8]. Despite numerous advancements aimed at reducing weight and 

enhancing power and efficiency, this engine type remains akin to those that drive the 

world today. 

 In 1892, R. Diesel, a German engineer obtained a patent for the diesel engine, 

a design that stood out because it operated under significantly higher pressure, enabling 

fuel to ignite on its own without the need for an external ignition source. Known as 

compression ignition (CI) engines, these engines have higher compression and 

expansion ratios, making them more efficient than spark ignition (SI) engines [8], [9]. 

Despite their efficiency, early diesel engines were criticized for being noisier, larger, 

and more polluting than their gasoline counterparts, which hindered their widespread 

adoption. While modern diesel engines have addressed many of these issues, they have 

not yet achieved the same prevalence as gasoline-powered SI engines. 

 These engines are fueled by products derived from crude oil; a non-renewable 

resource extracted from beneath the Earth’s surface. SI engines commonly use 

gasoline, a highly volatile liquid consisting of various midsized hydrocarbons. 

Conversely, CI engines typically utilize diesel fuel, which is less volatile than gasoline 

and possesses a higher energy density.  
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1.2 Challenges associated with conventional IC engine technologies 

 The reliance on crude oil presents a significant challenge due to its finite supply. 

Currently, 70% of the daily global consumption of 86 million barrels of crude oil 

powers only IC engines. In the U.S. alone, 10 million barrels of crude oil is used every 

day in cars, plus 4 million in heavy duty vehicles [2]. Addressing the challenge of 

crude oil dependency necessitates the innovation of efficient engines and alternate 

powering methods for IC engines. This approach could significantly extend the 

lifespan of global oil reserves. Moreover, the exploration of alternative fuels like 

natural gas, alcohols, hydrogen, and synthetic fuels presents viable solutions for a 

sustainable future. 

 Hence, as society remains dependent on IC engines for transportation, 

commerce, and power generation, their economical and efficient usage is primarily 

obstructed by three key technological challenges: engine knocking, low thermal 

efficiency, and pollutant emissions. 

 Higher compression and expansion ratios are essential for improved engine 

designs. However, a major problem with higher compression ratios is that they lead to 

knocking. Engine knocking, also known as knock, is characterized by the uncontrolled 

and premature autoignition of the fuel-air mixture within the engine. Persistent 

knocking can lead to a decline in engine performance, damage to engine parts, and the 

emission of a loud, sharp noise. Knock is controlled by low temperature chemistry. A 

key indicator of a fuel’s ability to prevent knock is its octane rating, which measures 

the autoignition resistance of the fuel-air mixture. The higher the octane rating, the 

greater is the fuel’s capacity to resist knock, ensuring better combustion within an 
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engine. Initially, to boost the octane rating of gasoline, tetraethyl lead was added to 

the fuel. Although this technique was successful, it resulted in increased atmospheric 

lead particulates, posing serious health risks. Consequently, the use of lead in gasoline 

was prohibited globally. Nowadays, the octane rating of gasoline is enhanced through 

the process of catalytic reforming, bypassing the health hazards associated with lead 

[2], [10], [11], [12]. 

 The thermal efficiency of an engine measures the ratio of energy utilized for 

work to the total energy generated through combustion. Unused energy is lost as heat 

into the surroundings. This efficiency is governed by the Carnot cycle, constrained by 

the engine's maximum and minimum operating temperatures. The maximum 

temperature an engine can withstand is determined by the properties of the engine 

materials and the auto-ignition characteristics of the fuel. Exceeding this temperature 

can lead to material degradation and increase the likelihood of engine knock. Modern 

diesel engines achieve 20-40% higher efficiency compared to SI engines. The net 

thermal efficiency for the majority of commercial vehicles currently in operation is 

around 40%. Figure 1.1 presents the schematic of input, output, and energy losses in 

an advanced diesel engine. It is evident that a considerable portion of the engine's 

thermal efficiency is diminished due to heat losses, which occur from the high-

temperature flames to the engine walls and through the exhaust gas [9], [13]. 
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Figure 1.1. Schematic of heat balance of an automotive diesel engine  

Reproduced from [13] 

 Apart from enhancing efficiency, the reduction of pollutant emissions stands as 

another primary motivator for ongoing research into IC engines. Significant pollutants 

include hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides (NOx), and 

particulate matter (PM). HC emissions result from incomplete combustion, producing 

irritants and potential carcinogens that contribute to smog. CO, a toxic gas, is emitted 

under high fuel-air ratios, lacking sufficient oxygen for complete combustion to CO2. 

NOx emissions, precursors to smog and surface-level ozone, arise at high temperatures 

and are linked to both SI and CI engines. Particulate matter, or soot, generated 

primarily in CI engines, poses risk to cardiovascular health [8], [14].  
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 Addressing these emissions has led to legislative measures and the development 

of new engine technologies aimed at pollution reduction. Adjusting the fuel-air ratio 

can mitigate some emissions but may exacerbate others, illustrating the complexity of 

achieving optimal engine performance without environmental detriment. Innovations 

like thermal and catalytic converters have made strides in converting harmful 

pollutants to less harmful forms, though challenges remain, particularly during engine 

startup. Ongoing efforts in the automotive industry aim to design engines that 

inherently produce fewer pollutants through strategies such as fuel dilution and 

leveraging cool flame chemistry for lower temperature operations, underscoring a 

continued commitment to both efficiency and environmental responsibility in IC 

engine development. 

1.3 Background and history of cool flame studies 

 Premixed cool flames were first observed by Davy in the early 19th century 

[15]. Initially considered a novelty, subsequent observations of the flame were driven 

by scientific curiosity, with efforts aimed at characterizing the phenomenon and 

integrating it into the existing understanding of combustion processes. Research during 

the 1920s and 1930s focused predominantly on the study of premixed cool flames 

generated by alkanes, ethers, and aldehydes in flow tubes and flow reactors. Over the 

time since, the significance of cool flames has increased markedly, especially after their 

role in causing engine knocking was identified [16]. 

 It was only in the past decade that the existence and observation of cool 

diffusion flames was first discovered in n-heptane droplet experiments aboard the 

International Space Station (ISS) [17], [18]. Unlike cool premixed flames that 
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propagate into a premixture, cool diffusion flames receive fuel and oxidizer from 

opposite sides, with the components reaching the flame through diffusion. A thorough 

investigation of both premixed and diffusion cool flames is essential for a 

comprehensive understanding of cool flame chemistry, given the significant differences 

in equivalence ratios and temperature distributions between these two types of flames.

 Observationally, a cool flame is characterized by a faint blue luminescent 

reaction front, setting it apart from hot flames through several distinct characteristics: 

they exhibit peak temperatures ranging from 500 to 1000 K [19], induce a modest 

increase in gas temperature by 2 to 200 K [20], consume a small fraction of the reactants 

and produce a substantial amount of formaldehyde [13], [15], [21]. 

 Historically, the study of cool flames has predominantly taken place in 

controlled laboratory settings, utilizing autoignition phenomenon in rapid compression 

machines (RCMs) and low-temperature shock tube experiments. In these setups, the 

reactive mixture is quickly compressed to temperatures and pressures that mimic the 

conditions found in engines where cool flames are observed. Following an initial delay, 

a cool flame warms the mixture until a subsequent temperature rise self-extinguishes 

it. This may be followed by a longer delay and then a rapid transition to full, high-

temperature ignition. This progression from cool to hot ignition, termed "two-stage" 

ignition, sees the cool flame's heat accelerate final ignition, effectively "sensitizing" the 

mixture by raising temperatures while using minimal fuel. Figure 1.2 shows a 

representative two-stage ignition process for a high pressure (13.5 bar) mixture of n-

heptane in air, where the temperature of the mixture relative to its final value of 750 K 

is plotted as a function of time [22]. 
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Figure 1.2. Temperature versus time history for a n-heptane/air mixture at 13.5 bar 

Reproduced from [22] 

Cool flames only exist within the Negative Temperature Coefficient (NTC) 

regime [23]. The NTC region is a unique phenomenon, in which the overall reaction 

rate decreases with increasing temperature [24], [25]. Within the NTC regions, an 

increase in the peak temperature causes deceleration of the chemistry. Consequently, as 

the rate of heat release diminishes, there is a corresponding drop in the peak 

temperature. Conversely, a reduction in temperature prompts the chemical reactions to 

enhance the rate of heat release, leading to a rise in temperature towards a stable level. 

These Negative Temperature Coefficients (NTCs) are observed around the crossover 

temperature, where alkyl radicals are depleted at equivalent rates by both cool and hot 

flame chemical processes. 
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1.4 The role of low-temperature combustion in advanced engines 

 In the realm of low-emission technologies, innovations like Homogenous 

Charge Compression Ignition (HCCI), Premixed Charge Compression Ignition (PCCI), 

and Reactivity Controlled Compression Ignition (RCCI) have attracted considerable 

interest. HCCI engines mimic Spark Ignition (SI) engines by introducing a pre-mixed 

blend of fuel and air into the combustion chamber, while PCCI engines draw inspiration 

from Compression Ignition (CI) engines in their approach to fuel injection. RCCI 

engines distinguish themselves by employing fuels of different reactivities, optimizing 

the combustion process across both low and high temperature regimes. The 

autoignition process of cool flames is a critical aspect of the combustion process in 

these engines, significantly influencing their efficiency and emission profiles [2], [5], 

[26], [27]. 

 LTC engines share basic operating principles with SI and CI engines, utilizing 

the thermal energy from combustion to generate mechanical power. As a subclass of CI 

engines, LTC engines ignite fuel without an external spark, relying instead on 

compressing the fuel-air mixture until it auto-ignites. The distinctive feature of LTC 

technology is its reliance on cool flame autoignition rather than traditional hot flame 

ignition, made possible by extremely lean fuel-air mixtures. In LTC engines, ignition 

happens simultaneously at various points within the mixture, leading to a quicker 

pressure rise compared to traditional CI engines, but with a significantly reduced 

temperature increase. Hence, LTC engines use high compression ratios to their 

advantage and lose less heat to the combustion chamber walls because the temperature 

difference is smaller [2], [4], [28], [29]. 
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 The rapid movement of the cool flames shorten the ignition time, crucial for 

operating an engine with substantial flue gas recirculation. Moreover, these cool flames 

accelerate the formation of ignition kernels – tiny, localized sites of high temperature 

that support a fully burning flame in fuel-lean regions.  

 LTC engines also see a decrease in certain harmful emissions commonly found 

in internal combustion (IC) engines, notably NOx and particulate matter (PM). The 

creation of these pollutants is linked to high temperatures, well above the cool flame 

peak temperatures of around 1000 K, resulting in significantly lower levels of these 

emissions in the exhaust of LTC engines. Research has demonstrated that LTC engines 

can cut NOx emissions by up to a thousand times and reduce soot emissions by six 

times compared to traditional diesel engines, all while achieving a 16% increase in 

efficiency [28]. Additionally, these engines are versatile in terms of fuel usage; 

theoretically, any fuel capable of supporting cool flame combustion could be utilized. 

 The advancement of LTC engines comes with its own set of challenges. Unlike 

SI and CI engines, the ignition timing in LTC engines is not as easily controlled, making 

it hard for these engines to operate efficiently across a broad spectrum of conditions. 

Specifically, at high loads, engines like HCCI and PCCI tend to produce excessive 

noise and experience knocking. RCCI engines are being developed to address this issue 

by blending the advantages of both low and high temperature combustion, thereby 

enhancing efficiency across various operating conditions. However, the lower heat 

release associated with LTC leads to diminished power output, which restricts the 

application of this technology to less demanding uses. Additionally, the cool flame 

process results in lower consumption of reactants, leading to higher emissions of HC 
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and CO in LTC engines compared to their SI and CI counterparts. This is because at 

the cooler temperatures, hydrocarbons that get trapped in nooks or stick to the 

combustion chamber walls fail to burn, and CO is not fully converted into CO2. LTC 

engines are also known to emit significant amounts of certain compounds that are not 

typically released by CI and SI engines, notably formaldehyde—a substance with 

known irritant and carcinogenic properties that can also contribute to the formation of 

ground-level ozone. Polycyclic aromatic hydrocarbons, recognized for their 

carcinogenic risks, are another concern [29]. Tackling these issues necessitates a deeper 

insight into the cool flame chemistry that drives LTC engines. Such knowledge would 

enable the creation of detailed models to evaluate engine performance under diverse 

conditions. 

1.5 Cool flame oxidation kinetics 

 The oxidation process of hydrocarbons with air or oxygen involves a 

multifaceted series of reactions rather than a straightforward, one-step oxidation to 

yield carbon dioxide and water as the ultimate outcomes. In practice, the mechanism 

of the process involves many intermediate compounds, like carbon monoxide, 

aldehydes, ketones, alkenes, and oxygenated species [30]. A general oxidation reaction 

can be divided into three mechanisms, namely: initiation, propagation, and termination. 

 In the initiation stage, fuel is converted into radicals:  

 𝑅𝐻 → 𝑅• + 𝐻•   (1.1) 

Or    𝑅𝐻 + 𝑂2  → 𝑅• + 𝐻𝑂2   (1.2) 

 Where RH denotes any hydrocarbon and 𝑅• is its radical. At low temperatures, 

formation of the HO2 radical is favored. However, at low temperatures, the rate of 
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reaction for Eq. 1.2 is much less than for Eq. 1.1, so the initiating oxidation reactions 

occur mainly through reaction 1.1. Additionally to Eq. 1.1 and 1.2, especially higher 

alkanes (C4 or higher) may also decompose thermally forming two alkyl radicals. 

Following the initial oxidation reaction, which involves only the compounds originally 

present in the mixture, a series of secondary oxidation reactions occur where the newly 

formed compounds interact among themselves and with the remaining unburned fuel. 

 𝑅𝐻 + 𝑋 → 𝑅• + 𝑋 ́  (1.3) 

 Where X represents, depending on the conditions,  𝐻•,  •𝑂𝐻,  𝑂• and  𝐻𝑂2
• 

radicals forming H2, H2O,  •𝑂𝐻 and H2O2, respectively. 

When initially radicals are formed, they react with other compounds present in 

the mixture (propagation) by a straight chain or a chain branching mechanism. When 

the rate of radical formation is lower than the rate of radical termination of newly 

formed radical, the termination stages begins, and the oxidation reaction ceases. Hence, 

the oxidation proceeds through many intermediate compounds, whose formation is 

more pronounced at low temperatures, including aldehydes, ketones, alcohols, alkenes, 

peroxides, and carbon monoxide. It can be broadly asserted that the oxidation chemistry 

of hydrocarbons is influenced by the system’s temperature, pressure, and oxygen 

concentration. The oxidation path with respect to temperature can be divided into:  

• A low temperature regime, where peroxy oxidation chemistry occurs. 

• An intermediate temperature regime, where HO2 and H2O2 chemistry dominates. 

• A high temperature regime, where small size radical chemistry occurs. 

  In the low temperature regime, a hydrogen atom is removed from a hydrocarbon 

molecule to form an alkyl radical (R). This alkyl radical reacts with an oxygen molecule 
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forming a peroxy radical (RO2) which further isomerizes to form QOOH (Q = CnH2n) 

radical. 

 𝑅 + 𝑂2 + 𝑀 → 𝑅𝑂2 + 𝑀  (1.4) 

 𝑅𝑂2 → 𝑄𝑂𝑂𝐻  (1.5) 

 QOOH can decompose to form an olefin and HO2 molecule, or a cyclic ether and 

OH molecule. 

 𝑄𝑂𝑂𝐻 = 𝑄𝑂 + 𝑂𝐻 (1.6) 

 𝑄𝑂𝑂𝐻 = 𝑄 + 𝐻𝑂2 (1.7) 

 

Figure 1.3. Simplified alkane low temperature oxidation mechanism 

Reproduced from [30] 
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 QOOH also has a chance to attach with another O2 molecule and form 

Q2QOOH. This molecule breaks down into a ketohydroperoxide and OH molecule. 

 𝑄𝑂𝑂𝐻 + 𝑂2 = 𝑂2𝑄𝑂𝑂𝐻 (1.8) 

  Ketohydroperoxide decomposes at around 800 K and therefore, the low 

temperature oxidation path ceases at high temperatures. This temperature is also lower 

than the H2O2 decomposition range. Figure 1.3 shows a schematic of hydrocarbon 

oxidation process similar to the process explained above. 

  In the intermediate temperature range of 850 – 1200 K, OH formation to sustain 

chain branching is dependent on the following reactions: 

 𝐻 + 𝑂2 + 𝑀 = 𝐻𝑂2 + 𝑀 (1.9) 

 𝑅𝐻 +  𝐻𝑂2 = 𝑅 + 𝐻2𝑂2 (1.10) 

 𝐻2𝑂2 + 𝑀 = 𝑂𝐻 + 𝑂𝐻 + 𝑀 (1.11) 

  Finally, at temperatures above 1200 K, Equation 1.12 takes over reaction 1.9 

and becomes the most important reaction controlling combustion rate. 

 𝐻 + 𝑂2 = 𝑂 + 𝑂𝐻 (1.12) 

  The final stage in the high temperature regime is the oxidation of CO by OH 

radical with release of CO2 and H2O.  

 𝐶𝑂 +  𝑂𝐻 = 𝐶𝑂2 + 𝐻2𝑂 (1.13) 

  The H atom required to start this reaction is released from thermal 

decomposition of alkyl radicals, which is possible at only higher temperatures. 

1.6 Motivation and Objective 

 To broaden our understanding and address the existing gaps regarding cool 

flames and the associated phenomenon, it is vital to involve researchers from diverse 
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disciplines in this field of study. However, the majority of studies on cool diffusion 

flames (CDF) utilize equipment and resources beyond the reach of a typical researcher. 

Therefore, developing chemical kinetic models that aid in predicting the behavior of 

cool flames, two-stage ignition and practical combustion systems becomes imperative. 

 These models offer crucial analytical insights by bridging the gap between 

experimental findings and theoretical frameworks. A distinctive aspect of these zero-

dimensional kinetic models is their function as a 'thought experiment,' allowing 

researchers to explore hypothetical scenarios with the question 'What if...?' even if 

those specific conditions or changes cannot be directly tested through experiments. 

Therefore, as previously discussed, grasping the autoignition process is crucial for a 

comprehensive understanding of phenomena such as cool flame behavior, two-stage 

ignition, and low-temperature heat release. The autoignition delay is a vital parameter 

for evaluating the efficacy of kinetic models, as it is frequently used to validate the 

precision of combustion chemistry models [31]. 

 Furthermore, the significance of cool flames extends beyond engine research 

and development to include areas like fire safety, where scenarios involving 

hydrocarbon vapor and air mixtures encountering hot surfaces or remaining in heated 

chambers are studied. Studies have also explored the initiation of fires in aircraft fuel 

tanks through both low-temperature and two-stage ignition processes, focusing on the 

shift from cool to hot flame ignition. This research is vital for preventing fires and 

explosions in aircraft fuel tanks, as they are subject to high temperatures and low 

pressures at high altitudes, leading to potential ignition via cool flame, hot flame, and 

two-stage ignition chemistries [32], [33]. Additionally, the investigation into the 1996 
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Flight TWA explosion, which resulted in the loss of over 200 lives, highlighted that a 

cool flame ignition could be a contributing factor [34]. The ability of cool flames to 

occur beyond the conventional flammability limits of hot flames highlights the 

importance of this research in enhancing fire safety.  

 Thus motivated, the objective of this study is to understand the autoignition 

behavior of n-heptane at varied temperatures and equivalence ratios using chemical 

kinetic mechanisms. A key focus is on gaining insights about cool diffusion flames 

using autoignition simulations and the ability of these mechanisms to accurately predict 

phenomena associated with them, such as the two-stage ignition process and the effect 

of varied initial mixture temperatures on ignition delay times. A wide variety of 

chemical kinetic mechanisms available in the literature are also studied to establish a 

threshold for the Negative Temperature Coefficient (NTC) regime. 
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Chapter 2: Research and Methodology 

2.1 The use of autoignition simulations in premixed and non-premixed combustion 

and the associated delay time 

Combustion processes can typically be divided into two primary categories: 

premixed and non-premixed combustion, with a range of partial mixing levels of the 

fuel and oxidizer taking place across the spectrum between these two types. Ignition of 

both premixed and non-premixed fuels can happen via spark ignition (SI) or through 

the process of compression ignition (CI), which is often termed autoignition. 

Autoignition significantly differentiates diesel engines (CI engines) from 

gasoline engines (SI engines). Autoignition refers to the self-ignition of a homogenous 

mixture of fuel and air. In premixed combustion systems, like those in SI engines, spark 

ignition is initiated by applying a specific amount of heat or energy, which forms an 

ignition kernel that expands and sustains itself. For these engines controlling 

autoignition is paramount. If uncontrolled, this process can result in ‘knocking’ due to 

the spontaneous combustion of part of the end-gas. Thus, understanding the conditions 

and temperature that induce autoignition is crucial to avert damage and increase 

operational efficiency. 

In contrast, autoignition is central to the combustion process in CI engines, 

profoundly impacting their performance, fuel efficiency, and emission levels. The 

operating principle of these engines involves generating an air-fuel mixture that auto 

ignites under conditions of elevated temperature and pressure without the need of an 

external spark [8]. 
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The occurrence of autoignition is influenced by several factors, including the 

mixture’s initial temperature, chemical composition, and pressure, as well as, in the 

case of turbulent flows, the levels of local turbulence and composition gradients. The 

ignition timing (or the autoignition delay time) and the pathways for chain branching 

are primarily determined by whether the initial temperature exceeds the autoignition 

temperature (AIT) of the given fuel. Moreover, as explained in the earlier sections, 

autoignition of cool flames plays an integral part in combustion process in advanced 

engine technologies. 

Extensive evidence shows that the chemical reactions leading to the ignition of 

a fuel-air mixture necessitate a specific duration [35]. This period, commonly known 

as the ignition delay time (IDT), is an important physiochemical property of 

combustible fuel-air mixture in engine operations. Typically, IDTs are determined 

through experimental methods, providing a foundational basis for enhancing engine 

design and optimizing combustion processes [36]. 

The instant of ignition is characterized by the formation of a large quantity of 

hydroxyl radical, atomic oxygen, hydrogen, and molecular combustion products. A 

long ignition delay time may lead to steep pressure rise and failure of the combustion 

chamber and to ‘rough’ running of the engine accompanied by knocking. Similarly, a 

short ignition delay time may lead to incomplete combustion of the fuel and, 

consequently, to smoke formation, power loss, and reduced efficiency of the engine. 

Hence, a major requirement for smooth start and steady running of jet engines and soft 

running of diesel engines under different conditions is constant ignition delay with 

respect to mixture composition at a fairly short absolute delay time [37]. 
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 Measured IDTs are much used parameters against which numerical models are 

tested. They may be derived in a wide range of experimental systems for various fuels 

and thus constitute a useful route to testing a model over extensive range of conditions. 

The main experimental sources used to derive IDTs are closed vessels, rapid 

compression machines, shock tubes and certain types of tubular flow systems [38]. 

Therefore, accurately predicting autoignition, by accounting for both ignition 

temperature and ignition delay time under varied conditions, is vital for providing 

insights into the Negative Temperature Coefficient (NTC) behavior, the two-stage 

ignition process, cool flame phenomena, and the dynamics of low-temperature kinetics. 

Understanding these aspects can lead to improved management of engine performance. 

2.2 Simulation methodology 

The cetane number (CN) refers to the ignition quality of the fuel. The higher 

the CN, the lower is the ignition delay time. Traditional diesel fuel is a complex mixture 

of various hydrocarbons (HCs), distinguished by a high cetane number. Among these, 

n-heptane is particularly significant, not only because it serves as a primary reference 

fuel (PRF) for the octane rating in internal combustion (IC) engines but also due to its 

CN, which is comparable to that of diesel and its high carbon content [39]. Hence, n-

heptane is frequently utilized as an alternative to diesel in both experimental and 

computational research. Investigating the autoignition characteristics of n-heptane can 

provide critical insights into phenomena such as ignition delay time, two-stage ignition, 

and cool flames. This alignment of attributes establishes n-heptane as the optimal 

choice for our study [40]. 
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Simulations of autoignition were performed utilizing the Cantera code, an open-

source software for chemical kinetics simulation. Cantera enables time-efficient 

investigation of existing and potential new processes as compared to direct laboratory 

investigations. It finds application in a variety of fields such as combustion, 

detonations, electrochemical energy conversion and storage, fuel cells, batteries, 

aqueous electrolyte solutions, plasmas, and thin film deposition. The software 

streamlines the process of incorporating detailed chemical thermo-kinetics, and 

transport models into calculations by the automating the chemical kinetic, 

thermodynamic and transport computations, allowing users to conduct comprehensive 

analyses with efficiency [41]. 

It facilitates simulations in a Cantera Reactor that represents the simplest form 

of a chemical reacting system. It corresponds to an extensive thermodynamic volume 

V, in which all state variables are homogenously distributed. The system is generally 

unsteady - that is, all states are functions of time. In particular, transient state changes 

due to chemical reactions are possible. However, thermodynamic (but not chemical) 

equilibrium is assumed to be present throughout the reactor at all instants of time [42]. 

Although the program offers a range of reactor options, for this study we specifically 

utilized the Ideal Gas Constant Pressure Reactor. This is a homogeneous, constant 

pressure, zero-dimensional reactor for ideal gas mixtures. The volume of the reactor 

changes as a function of time in order to keep the pressure constant. The choice of this 

reactor for our study was particularly driven by its inherent simplicity and the 

advantage of reduced run times. Temperature and pressure of the initial mixture are 

assigned as inputs before the start of the simulation. Additionally, it allows for the 
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customization of the gas mixture within the reactor, including setting the equivalence 

ratio, selecting the fuel species, and determining the oxidizer composition. The 

program exports the state of the “gas” over time, and records the changes in the gas 

composition, temperature, etc. as the simulation progresses. The Cantera program 

requires a chemical kinetics mechanism file as an input. 

2.3 Chemical kinetic mechanism 

A chemical kinetic mechanism is comprised of species that have specific 

thermodynamic and transport properties, along with elementary chemical reactions and 

their corresponding rate constants. These mechanisms can vary greatly in complexity, 

ranging from a single reaction to many thousands, depending on the specific needs and 

computational resources available. For instance, the conversion of hydrogen to water 

through oxidation is more complex than can be captured by a simple global reaction 

equation. Hydrogen requires eight species and approximately 30 elementary reactions 

to describe its oxidation over a wide range of pressure and temperature [43]. 

An elementary reaction specifies the reactant and product species and the 

associated rate constant. By understanding the forward rate constant and the 

thermochemical characteristics of the reacting species, one can compute the reverse 

rate constant, ensuring consideration for thermodynamic equilibrium. Hence, a 

chemical kinetic model contains a list of both the species with their thermodynamic 

parameters and all of the elementary reactions and their associated accurate rate 

constants and third body collision efficiencies that account for variations in temperature 

and pressure [43]. 
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In comprehensive chemical kinetic schemes, all conceivable reactions 

involving the fuel and its intermediates are included. For a mechanism to be considered 

thoroughly comprehensive, it should not only be accurate for a specific fuel but also 

for its smaller constituent fuels [44]. 

This chemical kinetic mechanism has been provided as an input to Cantera, a 

numerical model that simulates a practical reactor. Cantera solves a series of 

differential equations that requires initial conditions from the experiments to be 

simulated. The integration of these equations proceeds in timesteps using integration 

control to ensure that the species, temperature, and pressure do not change considerably 

in any one timestep so that the overall calculations are accurate. 

Developing a chemical kinetic mechanism involves a dual approach. Initially, 

it requires collecting kinetic data from targeted experimental and computational 

studies. These studies provide details on reaction rate coefficients and their 

dependencies on temperature and pressure, as well as information on branching into 

different products. Subsequently, these kinetic mechanisms are tested and validated 

against laboratory data that reflect macroscopic properties. The most critical of these 

properties include ignition delay time, flame propagation, and extinction strain rate. 

However, complete knowledge of every reaction is not available, and since all 

known reaction rate parameters carry some degree of uncertainty, it is extremely 

difficult to attain a truly complete mechanism. Tools such as sensitivity and reaction 

path analyses are often employed to identify important reactions and intermediate 

species at different operating conditions, including temperature, pressure, and 

concentration [45]. 
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2.4 N-heptane kinetic mechanisms with cool flame chemistry 

The CRECK modeling group, based at Politecnico di Milano, specializes in the 

development of detailed kinetic models for diverse materials, serving as a valuable 

resource for the design and numerical analysis of combustion processes and industrial 

engines. 

A major part of this research focuses on the n-heptane high plus low temperature 

(HT+LT) mechanism version 2003, March 2020, provided by CRECK, featuring 339 

species and 9781 reactions [46]. This mechanism was chosen because it is able to 

resolve both high and low-temperature kinetic regimes, which is necessary for studying 

and simulating the two-stage ignition process, the Negative Temperature Coefficient 

(NTC) regime and the occurrence of cool flames. 

In Section 3.5, several other kinetic mechanisms available in the literature have 

also been evaluated, namely the n-heptane detailed mechanism version 3 by Lawrence 

Livermore National Laboratories (LLNL) [47], the n-heptane mechanism by National 

University of Ireland Galway (NUIG) [48], the complete San Diego mechanism with 

heptane chemistry provided by the University of California San Diego (UCSD) [49], 

the n-heptane mechanism by California Institute of Technology (CALTECH) [50], and 

the Jerzembeck detailed mechanism provided by the European Center for Research and 

Advanced Training in Scientific Computing (CERFACS) [51]. 
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Chapter 3: Results and Discussion 

3.1 Temperature versus time behavior 

The previously outlined CRECK mechanism has been utilized to compute a 

temperature versus time history for a stoichiometric gas mixture of n-heptane/air at 

atmospheric pressure (101325 Pa), with initial mixture temperatures of 450 – 1000 K. 

The model predicts the temperature and species concentrations at discrete time steps. 

Figure 3.1 shows a sample temperature versus time trajectory for such a mixture 

at an initial temperature of 650 K. A distinct two-stage ignition process can be seen. 

The mixture begins to heat up from 650 K, experiencing only a slight temperature 

increase. The first stage of ignition is observed at 0.08 s, when the temperature reaches 

760 K, which causes a rise in the initial mixture temperature of 110 K. Subsequently, 

the temperature rises steadily again until it approaches 950 K. At this point, a rapid 

increase in temperature is observed, indicating the second stage of ignition at 0.46 s 

and at a temperature of 1710 K. The temperature of the mixture continues to rise until 

it reaches its final temperature of 2400 K, which corresponds to the adiabatic flame 

temperature of the mixture. 

A sample trajectory at a higher initial mixture temperature of 750 K is shown 

in Figure 3.2. Interestingly, the time taken to reach the first-stage ignition is reduced 

by about five times, down to 0.017 s, while maintaining the ignition temperature at 760 

K. In contrast to the decrease in time for the first-stage ignition, the time for the second-

stage ignition notably increased to 1.19 s, rather than decreasing. The second-stage 

ignition temperature also increased to 1780 K. 
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Figure 3.3 shows another sample trajectory, this time for a mixture with an 

initial temperature of 850 K. This trajectory is markedly distinct from those at the other 

two mixture temperatures of 650 and 750 K, as it exhibits only a single-stage ignition 

process. The ignition for this trajectory occurs at 0.67 s and at a temperature of 1810 

K. 

 

 Figure 3.1. Temperature versus time history for n-heptane/air mixture at 

atmospheric pressure and initial mixture temperature of 650 K. This is an example of 

a two-stage ignition process 
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Figure 3.2. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 750 K. This is an example of a two-stage 

ignition process 

The observation of two-stage ignition process is particularly prominent for 

initial mixture temperatures up to 775 K. Above this temperature, only a single-stage 

ignition process is typically seen. The first-stage ignition process is driven by low 

temperature chain-branching peroxy chemistry. After first-stage ignition, the 

temperature rises slowly via oxidation of the intermediate species by O2, OH, and HO2. 

As the temperature further increases to a critical temperature, second-stage ignition 

occurs, which results in a significant temperature rise. The oxidation process at this 
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stage is governed by high-temperature chain branching reactions. Since these high-

temperature chain branching reactions do not have ceiling temperature, the temperature 

rise continues until the time when almost all the fuel and intermediate species are 

oxidized resulting in formation of H2O and CO2. 

 

Figure 3.3. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of about 850 K. This is a single- stage 

ignition process 

The estimation of the rate of temperature increase (dT/dt) at a discrete time step 

was investigated. Initially, a rudimentary two-point approximation technique was 
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and (ti+1, Ti+1) as illustrated in Eq. 3.1, where ‘t’ denotes time and ‘T’ signifies the 

temperature.  

 
(

𝑑𝑇

𝑑𝑡
)

𝑖
=  

𝑇𝑖+1 −  𝑇𝑖−1

𝑡𝑖+1 −  𝑡𝑖−1
 

(3.1) 

This approach is excellent for temporal uniform spacing, however, autoignition 

simulations are generally non-uniform.  

Subsequently, an advanced numerical differentiation technique was adopted, 

notably a three-point parabolic approximation as shown in Eq. 3.2. This technique fits 

a parabola through each set of three consecutive points and finds the derivative of the 

parabola at central point xi. 

 
(

𝑑𝑇

𝑑𝑡
)

𝑖
=  2𝐴(𝑡𝑖) + 𝐵 

(3.2) 

Where, 
𝐴 =

𝑇𝑖−1 − 𝑇𝑖  

𝑡𝑖−1
2 − 𝑡𝑖

2 −
𝑇𝑖 − 𝑇𝑖+1 

𝑡𝑖
2 − 𝑡𝑖+1

2  
 

 
𝐵 =  

𝑇𝑖−1 − 𝑇𝑖 − 𝐴(𝑡𝑖−1
2 − 𝑡𝑖

2)

𝑡𝑖−1 − 𝑡𝑖
 

 

The trajectories of the computed rate of temperature increase (dT/dt) using the 

three-point parabolic approximation method corresponding to the temperature versus 

time histories are plotted in Figure 3.1 – 3.3 using a solid blue line. These trajectories 

have one or two well-defined peaks depending upon the type of ignition.  

The first such peak represents the first-stage ignition process, also referred to 

as the LTI (low temperature ignition), or the cool flame. This is characterized by the 

moment when the rate of temperature increase reaches its first local maximum. The 

heating during this time arises from the thermal effects of low temperature chemistry 

(LTC) reactions. The period from the start of the simulation to the point where the first-
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stage ignition occurs, specifically the first local maximum in the rate of temperature 

rise, is defined as the first-stage ignition delay time (τ1). This is marked by an ‘x’ on 

the plots. For instance, in Figure 3.1 and Figure 3.2, the respective first-stage ignition 

delay times are 0.08 s and 0.017 s. Figure 3.3 does not represent a two-stage ignition 

process and therefore a first-stage ignition delay time is not observed.  

The second peak represents the second-stage ignition process, also referred to as 

the HTI (high temperature ignition), or the hot flame. This is characterized by the 

moment when the rate of temperature increase reaches its second local maximum. The 

heating during this time arises from the thermal effects of high temperature chemistry 

(HTC) reactions. The period from the start of the simulation to the point where the 

second-stage ignition occurs, i.e., the second local maximum in the rate of temperature 

rise occurs, is defined as the second-stage ignition delay time (τ2). This is also marked 

by an ‘x’ on the plots. For instance, in Fig. 3.1, 3.2, and 3.3, the respective second-

stage ignition delay times are 0.46, 1.32, and 0.67 s. 

First-stage and second-stage ignition typically occur in close proximity, with a 

relatively short time interval separating them. Therefore, pinpointing the conclusion of 

the first-stage ignition process or the termination of cool flame is essential. To 

determine the end of the first-stage ignition process, the strategy of locating the local 

minimum has been utilized. The period from the start of the simulation to the point 

where the first-stage ignition ends, i.e., the local minimum in the rate of temperature 

rise occurs, is defined as the end of the first-stage ignition (τ1A). This is marked by an 

‘x’ between the first-stage and total ignition delay times. For example, in Fig 3.1 and 

3.2, the end of the first-stage ignition is marked at 0.12 and 0.25 s, respectively. 
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Initial mixture temperatures at 650, 750 and 850 K are examined in detail below 

with the view toward understanding cool flame behavior, two-stage ignition, and the 

effect of varying conditions on ignition delay times. 

Figure 3.1 shows a representative two-stage ignition process of stoichiometric 

gas mixture of n-heptane/air under initial temperature of 650 K and atmospheric 

pressure (101325 Pa). It is evident that initially the mixture exhibits a slow reaction 

rate with negligible temperature increase. This phase persists until a first-stage ignition 

delay time (τ1) of approximately 0.08 s, marking the onset of the first stage of ignition 

(LTI), or the cool flame, as indicated by the initial peak in the rate of temperature 

increase (dT/dt). This stage rapidly elevates the mixture temperature to around 820 K, 

which also represents the end of the cool flame phase at 0.12 s. Subsequently, the rate 

of reaction is again relatively slow, until the temperature approaches approximately 

950 K. At this point, the rate of reaction increases sharply, as evidenced by the second 

peak in dT/dt, marking the onset of the second stage of ignition, or the hot flame, where 

all of the remaining fuel is burned as the flame rapidly ignites. In this scenario, the 

second-stage ignition delay time (τ2) is about 0.46 s. 

Figure 3.2 shows a representative two-stage ignition process of stoichiometric 

gas mixture of n-heptane/air under initial temperature of 750 K and atmospheric 

pressure (101325 Pa). It is interesting to note that the second-stage ignition delay time 

(τ2)  extends to approximately 1.2 s, contrary to the expectations of a decrease, although 

since the initial mixture temperature has increased to 750 K. The initial peak has also 

diminished. At this point, the first-stage ignition is hardly discernible, and the increase 
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in the increase in delay time is clearly equivalent to an increase in the second stage of 

ignition. 

Figure 3.3 shows a representative single-stage ignition process of 

stoichiometric gas mixture of n-heptane/air under initial temperature of 850 K and 

atmospheric pressure (101325 Pa). The ignition process is now essentially single-stage 

with no clearly discernible first-stage ignition peak. Additionally, the second-stage 

ignition delay time (τ2) has also decreased to about 0.70 s. 

As shown in fig. 3.1. and 3.2, the temperature versus time profile exhibits a 

noticeably clear two-stage temperature increase with a considerably long τ2-1. However, 

further increasing the initial mixture temperature beyond 775 K results in a vanishment 

of delay time τ1. The disappearance of τ1 is not due to insufficient time stepping in the 

simulation, instead, it is due to the vanishment of the initial peak in the temperature 

increase rate. This concludes that there is no sudden heat release that would indicate a 

low temperature ignition or a cool flame. It is also interesting to note that as the initial 

temperature keeps increasing from 450 K to 1000 K, the peak heat release rate of the 

LTI keeps decreasing until it finally reaches a point where it finally disappears. As the 

initial mixture temperature is further increased beyond 775 K, the process is now 

mainly dominated by intermediate to high temperature reactions. 

Therefore, as the initial mixture temperature becomes sufficiently high (e.g., 

800 K at 1 atm), the LTI stage and the associated low-temperature reactivity disappear, 

and only single-stage HTI remains. Hence, the fuel oxidation chemistry and ignition 

processes are highly dependent on the initial mixture temperature. 
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Table 3.1 shows the calculated first-stage ignition, first-stage conclusion and 

second-stage ignition delay times and the corresponding ignition temperatures for 

initial mixture temperatures ranging from 450 – 1000 K. For initial mixture 

temperatures ranging from 800 – 1000 K, only single – stage ignition behavior is 

observed. Temperature versus time history for initial mixture temperatures that have 

not been discussed above are included in Appendix B. 

Initial 

Temp. 

Tinit, K 

First - stage ignition  First-stage Conclusion Second - stage ignition 

(τ1), s T1, K (τ1A), s T1A, K (τ2), s T2, K 

1000  -  -  -  - 0.044 1908 

950  -  -  -  - 0.104 1865 

900  -  -  -  - 0.266 1859 

850  -  -  -  - 0.677 1810 

825  -  -  -  - 0.997 1812 

800  -  -  -  - 1.278 1802 

775 0.054 777 0.366 792 1.321 1786 

750 0.017 760 0.254 785 1.198 1780 

725 0.015 750 0.067 784 0.99 1756 

700 0.021 748 0.067 792 0.759 1736 

675 0.038 751 0.079 804 0.569 1720 

650 0.081 759 0.122 817 0.461 1716 

625 0.199 766 0.237 829 0.478 1690 

600 0.569 772 0.599 839 0.784 1682 

550 7.445 777 7.461 851 7.599 1661 

525 35.39 773 35.41 853 35.53 1649 

500 215.6 768 215.69 851 215.81 1625 

475 1849 761 1849 846 1849.3 1625 

450 26632 753 26633 840 26633 1616 

 

Table 3.1. Ignition delay times, and  corresponding ignition temperatures for initial 

mixture temperatures ranging from 450 – 1000 K 
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While other models exhibit comparable behavior, the UCSD mechanism 

demonstrates a distinctly unique behavior. Figure 3.4 shows a representative three-

stage ignition process of stoichiometric gas mixture of n-heptane/air under initial 

temperature of 450 K and atmospheric pressure (101325 Pa). The three distinct peaks 

in the rate of temperature rise correspond to temperature-dependent chain-branching 

reactions of low temperature chemistry (LTC), intermediate temperature chemistry 

(ITC), and high temperature chemistry (HTC). These distinct chemical regimes, 

originating from varied chain-branching pathways, result in flames characterized as 

cool flames (LTC), warm flames (ITC), and hot flames (HTC). In this context, the first-

stage ignition delay time (τ1) is 3041.14 s, while the second-stage ignition delay time 

(τ2) is 3014.51 s. The period from the simulation's onset to the ignition of the warm 

flame, denoted as τWF, is 3014.43 s. 

The 'x' marks positioned just beyond the cool and warm flame ignition points, 

indicate the end of each ignition stage, and mark the local minimum in the rate of 

temperature change (dT/dt). The ignition temperatures for the cool, warm, and hot 

flames are approximately 663 K, 789 K, and 1622 K, respectively. Notably, warm 

flames, which are part of an LTC-ITC structure, can only exist outside the established 

flammability limits of lean and rich hot flames. However, further research is necessary 

to delineate their precise occurrence, limits, and how they affect cool and hot flame 

ignition. 
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Figure 3.4. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of about 450 K. This is an example of a 

three-stage ignition process 

3.2 Species composition 

Figure 3.5 shows the temperature versus time behavior and the simulated mole 

fraction profiles for carbon dioxide (CO2), nitrogen (N2), and oxygen (O2) generated 

using the CRECK mechanism for a stoichiometric n-heptane/air gas mixture at 

atmospheric pressure (101325 Pa), for initial mixture temperature of 650 K. The mole 

fraction of unburned fuel has also been included in the plot to depict the fuel 

consumption at the two ignition stages. 
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The plot reveals that during the cool flame phase at 0.08 s, there is a small rise 

in temperature accompanied by a significant production of CO2. Later, the mixture 

continues to heat until a hot ignition is triggered at 0.46 s. At this point a large amount 

of CO2 is generated. It is interesting to note that at the cool flame stage, only a fraction 

of total unburned fuel is consumed, while the hot ignition phase sees the complete 

combustion of the remaining fuel. 

 

Figure 3.5. Simulated mole fractions for CO2, O2, N2, and heptane for a 

stoichiometric n-heptane/air gas mixture at atmospheric pressure under initial mixture 

temperature of 650 K 
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The plot also depicts that the N2 concentration remains constant as witnessed 

by a straight line, indicating its abundance throughout the simulation. Additionally, 

only a minor amount of oxygen is utilized during the cool flame phase, with a 

substantially larger consumption occurring during the hot ignition phase. 

Fig 3.6 shows the temperature versus time behavior and the simulated mole 

fraction profiles for water (H2O), formaldehyde (CH2O), hydroperoxy radical (HO2), 

and a keto-hydroperoxide (KHP) species C7H15OOH generated using the CRECK 

mechanism for a stoichiometric n-heptane/air gas mixture at atmospheric pressure 

(101325 Pa), for initial mixture temperature of 650 K. 

Fig 3.7 shows the temperature versus time behavior and the simulated mole 

fraction profiles for carbon monoxide (CO), hydrogen peroxide (H2O2), and hydroxyl 

radical (OH) generated using the CRECK mechanism for a stoichiometric n-heptane/air 

gas mixture at atmospheric pressure (101325 Pa), for initial mixture temperature of 650 

K.  

From the plot it can be observed that prior to the first stage of ignition, a 

sequence of pre-ignition reactions build a pool of keto-hydroperoxide (KHP) species 

that play a major role in the first-stage ignition. These KHP species further decompose 

but below 800 K the production rate is higher than the decomposition rate, leading to 

build up of a KHP pool. 

Decomposition of the RO2 and KHP molecules produces OH and other radicals 

that further attack the parent fuel molecules. At this stage, various oxidation reactions 

involving radical species and hydrocarbon fragments raise the temperature and the heat 

release peaks at this time. 
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Figure 3.6. Simulated mole fractions for H2O, CH2O, HO2, and C7H15OOH for a 

stoichiometric n-heptane/air gas mixture at atmospheric pressure under initial mixture 

temperature of 650 K 

When the temperature nears 850 K, the chemical equilibrium of the reaction 

between R and O2 alters, resulting in a decrease in RO2 production. This change 

hampers the series of reactions responsible for accumulating the ketohydroperoxide 

(KHP) pool. Similarly, at these elevated temperatures, the equilibrium of the 

subsequent reaction involving the addition of O2 is inclined towards breaking apart the 

molecules, which further impedes the formation of KHP. 
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Figure 3.7. Simulated mole fractions for H2O2, CO, and OH for a stoichiometric n-

heptane/air gas mixture at atmospheric pressure under initial mixture temperature of 

650 K 

The first stage of ignition ends when the temperature rises sufficiently that the 

KHP pool is depleted. It is this rapid depletion of the KHP pool that leads to the so-

called “negative temperature coefficient” regime, wherein heat release rates slow 

despite increasing temperature. 

During the second-stage pre-ignition, pools of H2O2 and CO build as the 

formaldehyde (CH2O) formed during the first stage is gradually oxidized and also by 

the combination of hydroperoxy radicals (HO2) that are formed during the first stage 
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of ignition, along with other unburned hydrocarbons. At the same time it is being 

formed, some H2O2 decomposes into OH radical species, but until the temperature 

reaches 1000 K, the production reactions outweigh decomposition, and the H2O2 pool 

continues to build. . As the available pool of OH and other species continues to oxidize 

unburned hydrocarbon species, the temperature gradually rises. 

When the temperature has increased sufficiently, the H2O2 decomposition 

exceeds production, releasing a pool of OH radicals that initiate a high-temperature 

second-stage ignition, where most of the formaldehyde, CO, and unburned 

hydrocarbon are consumed and where OH is formed in abundance. Table 3.2 shows the 

ignition characteristics and mole fractions for fig 3.5 – 3.7. 

Component First-stage ignition Second-stage ignition Peak 

Delay Time (s) 0.080 0.460 - 

Ignition Temp. (K) 758.83 1716.27 - 

Mole Fraction 

C7H16 3.34 E-02 6.99 E-20 6.22 E-02 

CO2 7.92 E-04 2.88 E-02 1.54 E-01 

O2 2.01 E-01 1.93 E-01 2.19 E-01 

N2 7.19 E-01 7.19 E-01 7.19 E-01 

H2O 6.80 E-03 7.01 E-02 8.22 E-02 

CH2O 2.45 E-03 3.94 E-04 7.69 E-03 

HO2 3.14 E-04 8.85 E-05 5.50 E-04 

C7H15OOH 5.14E-04 9.07E-10 5.15E-04 

H2O2 5.83 E-04 1.50 E-06 5.51 E-03 

CO 2.17 E-03 9.42 E-02 9.51 E-02 

OH 1.19 E-06 2.17 E-03 7.78 E-03 

 

Table 3.2. Ignition characteristics and key species composition for a two-stage 

ignition process of n-heptane/air at atmospheric pressure under initial temperature of 

650 K 
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3.3 Negative – Temperature Coefficient (NTC) behavior 

Figure 3.5 shows the computed ignition delay time (τ) as a function of initial 

mixture temperature (Tinit), as summarized in Table 3.1, for a stoichiometric gas 

mixture of n-heptane/air at atmospheric pressure (101325 Pa), for initial mixture 

temperatures of 450 – 1000 K. 

 

Figure 3.8. NTC responses for a stoichiometric n-heptane/air mixture at atmospheric 

pressure. The  first-stage ignition delay time (τ1) is indicated by a solid green line, the 

first-stage ignition conclusion time (τ1A) is denoted by a solid orange line, and delay 

time for the second-stage ignition (τ2) is marked by a solid blue line 
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From the plot, it is observed that for either sufficiently low temperatures (below 

625 K) or sufficiently high temperatures (above 775 K), the second-stage ignition delay 

time (τ2) decreases with an increase in mixture temperature. However, in contrast, 

within the intermediate temperature range (625 – 775 K), τ2 exhibits an increase as the 

temperature rises. Similarly, the first-stage ignition delay time (τ1) and the termination 

time of the first-stage ignition (τ1A) both initially decrease and then increase with 

increasing mixture temperature, demonstrating their own response in transition to the 

intermediate temperature regime. This region of non-monotonic mixture reactivity is 

termed the Negative – Temperature Coefficient (NTC) region and is fundamentally 

responsible for the existence of stable cool flames. A combination of low and high 

temperature chemistry is needed to simulate this NTC behavior. 

It is evident that the ignition delay time for both first and second-stage ignition 

generally decreases with an increase in the initial mixture temperature, Tinit. However, 

this trend is interrupted within the NTC regime, characterized by specific threshold 

temperatures known as the lower and upper “turnover temperatures”. Outside these 

threshold temperatures, the ignition delay recommences its decrease with rising initial 

mixture temperatures. Understanding the nuances of these turnover temperature 

boundaries, often referred to as turnover states, is essential. They demarcate the 

transitions between low-to intermediate and intermediate-to-high temperature 

boundary within the NTC regime. Developing a scaling for these turnover temperature 

limits can significantly diminish uncertainties and furnish a more accurate benchmark 

for selecting experimental data pertinent to specific experimental conditions. 
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The lower turnover temperature (Tlower) represents the minimum temperature at 

which the NTC behavior commences, while the upper turnover temperature (Tupper) 

indicates the maximum temperature limit for these reactions above which the NTC 

behavior vanishes. 

Figure 3.6 illustrates the relationship between ignition delay times and 

temperatures in proximity to both the lower and upper turnover temperatures. This plot 

is utilized to determine the lower upper turnover temperature based on the ignition 

delay data presented in fig. 3.5. 

The NTC curve displays a sophisticated pattern where the concavity alternates 

between downward and upward, rather than following a simple increase or decrease. 

To capture this non-linear variation, the curve was investigated using a cubic fitting 

approach employing a third-degree polynomial, as it accommodates an inflection point 

where the curvature's trajectory alters. This makes it a more precise model compared 

to a second-degree polynomial. Moreover, the R-squared value is one, signifying that 

the cubic model accounts for almost all the variation in the response data about its 

average. 

To identify the temperatures where the concavity of the NTC curve shifts, 

termed the lower and upper turnover temperatures (Tlower and Tupper), the cubic 

equations obtained from the third-order polynomial fit were analyzed, as displayed in 

fig. 3.6. This analysis is conducted using calculus, initially by calculating the first 

derivative of the equation, followed by determining the roots of the equation. Upon 

resolving the equations, it was determined that the lower turnover temperature occurs 
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at 640 K with a corresponding time of 0.44 seconds, while the upper turnover 

temperature is identified at 783 K, occurring at 1.33 seconds. 

 

Figure 3.9. Variation of logarithmic second – stage  ignition delay time with initial 

mixture temperature. The dataset is fitted using a cubic polynomial covering the 

points near the lower and upper turnover temperature 

Interestingly, there is a critical temperature where the phenomenon of two-stage 

ignition ceases, leading to the disappearance of the temperature increase and leaving 

only a single stage ignition. This critical temperature is referred to as the crossover 

temperature, symbolized by T*. It represents the point at which the heat release from 

the first stage ignition becomes negligible. This critical temperature is determined by 
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averaging the highest initial mixture temperature at which two-stage ignition occurs 

and the subsequent temperature where only single-stage ignition is observed. This 

calculation is demonstrated in Eq. (3.3). 

  
𝑇∗ =  

𝑇𝑡𝑤𝑜−𝑠𝑡𝑎𝑔𝑒 + 𝑇𝑠𝑖𝑛𝑔𝑙𝑒−𝑠𝑡𝑎𝑔𝑒

2
 

(3.3) 

Where,  

T* represents the crossover temperature 

Ttwo-stage is the highest initial mixture temperature at which two-stage ignition is present. 

Tsingle-stage, is the temperature right after, Ttwo-stage where only single-stage ignition is 

present. 

Here, Ttwo-stage is 775 K, while Tsingle-stage is 800 K, utilizing the equation, the 

crossover temperature is determined to be 788 K. Figure 3.7. represents the computed 

lower and upper turnover temperature and crossover temperature. It can be observed 

that the crossover temperature is quite close to the upper turnover temperature. 

Therefore, the crossover temperature also corresponds to the transition of chemistry 

from low- to intermediate-to-high temperature regime. 
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Figure 3.10. The lower turnover (Tlower), upper turnover (Tupper), and crossover 

temperature (T*) for a stoichiometric n-heptane/air mixture 

Cool diffusion flames necessitate the presence of a Negative Temperature 

Coefficient (NTC) region and are exclusively present during the period from the onset 

of first-stage ignition to the conclusion of first-stage ignition. Figure 3.11 illustrates the 

relationship between the initial mixture temperatures and the temperatures at the 

beginning (T1) and end (T1A) of first-stage ignition. The dashed box denotes the 

temperature range for the cool flames. The initial mixture temperature i.e., the lower 

and upper turnover temperature is 640 – 775 K while the minimum ignition temperature 

is 747 K, and the maximum ignition temperature is 822 K. 
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Figure 3.11. First-stage ignition and first-stage ignition conclusion 

temperature as a function of initial mixture temperature 

Figure 3.8. shows the variation of logarithmic second-stage ignition delay time 

with inverse initial mixture temperature. It can be observed that the low and high-

temperature portion of the curve can be well represented by an Arrhenius expression. 

Using the Arrhenius expression, the activation energy in the lower and upper turnover 

state regime can be determined. 



 

 

48 

 

 

Figure 3.12. Variation of logarithmic second-stage ignition delay time with inverse of 

initial mixture temperature exhibiting Arrhenius behavior. The high and low 

temperature segments of the curve are represented by yellow and orange lines, 

respectively, and the slopes of these segments have been used to calculate the 

activation energy 

In the process of analyzing the temperature dependence of reaction rates, we 

utilize the Arrhenius equation to derive the activation energy. The starting point is a 

linear equation obtained from plotting the negative temperature coefficient for initial 

temperatures of 450, 475 and 500 K. This yields the following relationship. 
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𝑙𝑛 (

τ2

𝑠
)  =  21,712

1

𝑇
− 38.09 

(3.4) 

 

The Arrhenius equation, is given by:  

 
𝑘 = 𝐴𝑒

−𝐸𝑎
𝑅𝑇  

(3.5) 

where,  

k denotes the rate constant 

A is the pre-exponential factor 

𝐸𝑎 is the activation energy (in J/mol) 

R is the universal gas constant (8.314 J/mol.K) 

T is the temperature (in Kelvin) 

For graphical analysis and better comprehension of the relationship between the rate 

constant and temperature Eq. 3.5. is linearized by taking the natural logarithm of both 

sides.  

 
ln(𝑘) = −

𝐸𝑎

𝑅

1

𝑇
+  ln(𝐴) 

(3.6) 

This transformation facilitates the direct comparison of Eq. 3.4 against the Arrhenius 

model. 𝑙𝑛 (
τ2

𝑠
) corresponds to ln(𝑘). The slope of the equation corresponds to −

𝐸𝑎

𝑅
 

and the intercept corresponds to ln(𝐴). 

 

Identification of these parameters allows for the computation of the activation energy 

(Ea) from the slope. 

 
−

𝐸𝑎

𝑅
 = Slope 

(3.7) 
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𝐸𝑎 = −𝑆𝑙𝑜𝑝𝑒 ∗ 𝑅 

(3.8) 

 
𝐸𝑎 =  −(21,712 𝑘−1) ∗  8.314 

𝐽𝑜𝑢𝑙𝑒𝑠

𝑚𝑜𝑙 ∗ 𝐾
 

 

 
𝐸𝑎 = 180,516.33 𝐽/𝑚𝑜𝑙 

 

 

Similarly, the activation energy (Ea) near the higher temperature portion of the curve 

for initial temperatures of 900, 950 and 1000 K is 135,138.20 J/mol. 

3.4 Effect of equivalence ratio on the NTC behavior 

To explore the effect of equivalence ratio on the Negative Temperature 

Coefficient (NTC) behavior and threshold temperatures, mixture compositions ranging 

from ‘lean’ to ‘rich’ were analyzed using the CRECK mechanism. Figure 3.12 shows 

the computed second-stage ignition delay time (τ2), for a n-heptane/air gas mixture at 

atmospheric pressure (101325 Pa), for initial mixture temperature of 450 – 1000 K at 

an equivalence ratio of 0.5, 1, 2, 4, 8, 16, and 32. 

From the plot it can be observed that all the mixture compositions from ‘lean’ 

to ‘rich’ exhibit NTC behavior. It is interesting to note that for initial mixture 

temperatures of 650 – 1000 K, the minimum ignition delay time was exhibited at the 

richest mixture composition i.e., at an equivalence ratio of 32. Within the specified 

temperature range, a progressive increase in the equivalence ratio starting from 0.5 led 

to a consistent decrease in the ignition delay time. However, this trend was interrupted 

within the temperature range of 450 – 600 K. For instance, the minimum ignition delay 

time at Tinit of 450 K was found to be exhibited at stoichiometric conditions. 

 



 

 

51 

 

 

Figure 3.13. NTC responses of second – stage ignition delay time (τ2) for n-

heptane/air gas mixture at atmospheric pressure across equivalence ratio 0.5 – 32 

To gain a deeper insight into how the equivalence ratio impacts the species 

composition, simulations with fixed time stepping were conducted at an initial mixture 

temperature of 650 K, employing the CRECK mechanism. Figure 3.13 shows the mole 

fraction profile of oxygen with respect to time, Fig. 3.14 shows the mole fraction profile 

of heptane with respect to time, Fig. 3.15 shows the mole fraction profile of hydrogen 

peroxide with respect to time and Fig. 3.16 shows the mole fraction profile of  

formaldehyde with respect to time for equivalence ratio of 0.5 – 32. 
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Figure 3.14. Simulated mole fraction profile of oxygen with respect to time 

for an equivalence ratio of 0.5 – 32 

 

 

Figure 3.15. Simulated mole fraction profile of n-heptane with respect to time 

for an equivalence ratio of 0.5 – 32 
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From fig. 3.13 and 3.14 it is clear that the timing of first-stage ignition is nearly 

the same for all mixture compositions while there is a significant timing difference in 

the location of the second-stage ignition, which is strongly affected by the mixture 

stoichiometry. It is evident that rich mixtures achieve second-stage ignition much faster 

post the first-stage ignition process than leaner mixtures. This is due, at least in part, to 

the increased temperature rise that occurs during the first stage ignition. For instance, 

the temperature at the first-stage ignition conclusion at an equivalence ratio of 0.5 is 

782 K, while at an equivalence ratio of 8 is 865 K. As we move to further richer 

mixtures, for example at an equivalence ratio of 32, the energy needed to break apart 

fuel molecules quickly soaks up heat and the temperature falls steeply to 822 K. Hence, 

with increasing equivalence ratio, the temperature at the end of the first stage ignition 

keeps increasing and is already approaching the temperature at which rapid H2O2 

decomposition occurs. 

The predicted influence of equivalence ratio on formaldehyde is also important. 

Figure 3.16 shows that formaldehyde is formed at the first-stage of ignition when the 

KHP pool decomposes and persists until is destroyed at the second-stage of ignition. 

Formaldehyde exists during the dwell between the two stage of ignition, the length of 

which depends on the mixture stoichiometry. 
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Figure 3.16. Simulated mole fraction profile of hydrogen peroxide with 

respect to time for an equivalence ratio of 0.5 – 32 

 
Figure 3.17. Simulated mole fraction profile of formaldehyde with respect to 

time for an equivalence ratio of 0.5 -32 
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To further investigate the temperature range of the NTC phenomenon, i.e., the 

lower and upper turnover temperature, a cubic fitting approach using a third-degree 

polynomial as described in section 3.3 has been employed for each equivalence ratio. 

However, this approach was unable to resolve the temperature thresholds for an 

equivalence ratio of 32. Table 3.3 lists out the lower and upper turnover temperature 

and the range (Tupper – Tlower) of the NTC region. 

Phi 
Lower Turnover 

Tlower 

Upper Turnover 

Tupper 

Turnover Range 
Tupper - Tlower, K 

0.5 629 767 138 

1 639 783 144 

2 653 789 136 

4 662 792 129 

8 671 791 120 

16 679 783 104 

Table 3.3. Lower and upper turnover temperature and the turnover range for 

equivalence ratio 0.5 - 16 

From the table, it is evident that as the equivalence ratio increases, the cool 

flame range tends to decrease. Hence, for a much wider range for cool diffusion flames, 

it is essential to exist at or near stoichiometric conditions. 

3.5 Impact of different chemical kinetic mechanisms on the NTC behavior 

To develop a more comprehensive understanding of the Negative Temperature 

Coefficient (NTC) behavior and its metric, specifically the lower and upper turnover 

temperature thresholds, several of the most commonly used kinetic mechanisms 

reported in the literature were evaluated. Table 3.2 presents six different chemical 

kinetic mechanisms utilized to compute the ignition delay times for a stoichiometric n-

heptane/air gas mixture at atmospheric pressure (101325 Pa), with initial mixture 
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temperature of 475 – 1000 K. The pathways and reaction rate parameters of these 

mechanisms are extensively detailed in their respective publications. 

Kinetic Mechanism Institution 
Species 

count 

Reaction 

count 
Reference 

High plus low temp. (HT+LT) CRECK [46] 339 9781 [52] 

Detailed Mechanism Version 3 LLNL [47]  654 2827 [53] 

n-Heptane Mechanism NUIG [48] 1268 5336 [54] 

Complete San Diego Mechanism 

with Heptane Chemistry 
UCSD [49] 57 268 [55] 

Detailed Chemical Kinetic Model CALTECH [50] 194 1156 [56] 

Jerzembeck Detailed Mechanism CERFACS [51] 203 1001 [57] 

Table 3.4. List of chemical kinetic mechanisms used to calculate ignition 

delay times for a stoichiometric n-heptane/air mixtures at atmospheric pressure 

The number of species and reaction count has a significant effect on the 

computational time of the simulation. 

Figure 3.12 shows the computed second-stage ignition delay time as a function 

of initial mixture temperature (Tinit) for the six mechanisms outlined above, all of which 

successfully captured the NTC behavior. An increase in Tinit led to a reduction in 

ignition delay time across all mechanisms. However, as previously mentioned this trend 

was interrupted within the NTC regime, particularly at the lower and upper turnover 

thresholds. 
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Figure 3.18. NTC response of different chemical kinetic mechanisms outlined in 

Table 3.2. for a stoichiometric n-heptane/air mixture at atmospheric pressure 

It is noteworthy that, at higher Tinit, the ignition delay times across all 

mechanisms tend to converge. Yet, at cooler temperatures, they do not match up as 

well. Specifically, at a Tinit of 475 K, the ignition delay time for the CRECK mechanism 

was 1849.34 s, in contrast to the LLNL mechanism, which was 86.28 s, indicating a 

substantial deviation of about 2043 %. The same discrepancy can also be witnessed 

within the intermediate temperature range i.e., the turnover temperature thresholds. 
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Fig. 3.12 shows the lower and upper turnover temperature thresholds for all six 

mechanisms, calculated using the same cubic fitting method described in section 3.3, 

which utilizes a third-degree polynomial. The LLNL mechanism exhibits the minimum 

lower turnover temperature at 636.81 K, whereas the maximum upper turnover 

temperature is 841.68 K, as demonstrated by the UCSD mechanism. The mean lower 

turnover temperature is 653 K, while the mean upper turnover temperature is 804 K. 

 

Figure 3.19. Lower and upper turnover temperatures for the six mechanisms outlined 

in Table 3.2. The blue line indicates the lower turnover temperature while the upper 

turnover temperature is denoted by the orange line 
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Table 3.3 represents the turnover temperature range (Tupper – Tlower) for all six 

mechanisms, calculated using the same cubic fitting method described in section 3.2, 

which utilizes a third-degree polynomial. It is clear that the chemical kinetic 

mechanism presented by the National University of Ireland, Galway (NUIG) has the 

narrowest NTC regime as compared to other five mechanisms. 

Mechanism 
Turnover Range 

Tupper - Tlower, K 

CRECK 143.54 

LLNL 165.49 

NUIG 128.25 

UCSD 166.94 

CALTECH 142.95 

CERFACS 160.41 

Table 3.5. The turnover temperature range (Tupper – Tlower) for six mechanisms 
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Chapter 4: Conclusion and future work 

As future internal combustion engines face more stringent demands for fuel 

efficiency, performance, and emissions, next-generation technologies are expected to 

use a variety of low temperature combustion processes that leverage cool flames, as 

outlined in chapter 1. Moreover, cool diffusion flames also play a critical role in process 

and fire safety. 

In the present work, simulations of n-heptane autoignition using the Cantera 

code have led to several important discoveries, providing valuable insights into the 

behavior of cool diffusion flames: 

• The autoignition of n-heptane unfolds in a two-stage process. It begins with a small 

temperature increase, which is then succeeded by a substantially larger increase. 

Remarkably, this phenomenon can be observed at atmospheric pressure when the 

starting temperatures of the mixture are between 450 – 775 K, extending its 

relevance beyond just high-pressure engine technologies. 

• The cool flame phase is characterized by a notably lower heat release compared to 

the hot flame phase. With an increase in the initial mixture temperature, the rate of 

heat release during the cool flame phase progressively diminished until the cool 

flame phase disappeared entirely. This disappearance occurred at an initial mixture 

temperature beyond 775 K, indicating the maximum initial temperature limit for 

the existence of cool diffusion flames. 

• The UCSD mechanism revealed a unique autoignition process unfolding in three 

distinct phases: Low-Temperature Ignition (LTI), Intermediate-Temperature 

Ignition (ITI), and High-Temperature Ignition (ITI). However, additional research 
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is needed to accurately quantify this behavior and understand its implications for 

engine technology. 

• The two hydroperoxide species, Keto-hydroperoxide (KHP) and hydrogen 

peroxide (H2O2) play a critical role in the first and second stage ignition process, 

respectively. In the cool flame phase, only a portion of the fuel is utilized, aligning 

with the minimal heat release observed during this phase. Following this, the fuel 

undergoes complete oxidation in the hot ignition stage. During the cool flame 

phase, a limited amount of oxygen contributes to CO2 formation, whereas the hot 

flame phase leads to a significant increase in CO2 production. Furthermore, the 

investigation indicates that the cool flame phase is characterized by the generation 

of substantial quantities of formaldehyde and hydrogen peroxide. 

• A unique region of non-monotonic mixture reactivity exists termed as the Negative 

– Temperature Coefficient (NTC) region that is fundamentally responsible for the 

existence of stable cool flames.  

• A range for the NTC regime has been analyzed by determining the mean lower 

turnover temperature at 653 K and the mean upper turnover temperature at 804 K. 

Won et. al [19] measured flame temperature around 640 ± 30 K which is close to 

the modeled turnover temperature range. Similarly Farouk [58] measured a cool 

flame temperature of 700 K which also lies within the NTC range. Wadell et. al. 

[59] measured peak CDF temperatures of 705 and 760 K which also lies within the 

NTC range. Consequently, these modeled temperatures are in close agreement with 

experimentally measured temperatures as documented in the literature. 
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Additionally, this process also allows for the calculation of activation energy in both 

the low and high temperature region of the NTC curve. 

• As fuel mixtures from lean to rich were investigated, the richer the fuel mixture, 

the shorter was the second-stage ignition delay time. The first-stage ignition delay 

time i.e., time to cool flame almost remains the same despite the mixture 

composition while the second-stage ignition delay time i.e. the hot flame phase is 

significantly affected by the mixture stoichiometry. A significant difference in 

ignition delay times can be observed within the NTC regime, i.e., between the lower 

and upper turnover thresholds. 

• Six different chemical kinetic mechanisms were able to reproduce the NTC 

behavior and a turnover temperature range was established for the six mechanisms. 

These simulations offer a wealth of data, opening avenues for extensive future 

research. While only n-heptane has been explored in this study, a wide range of 

hydrocarbon fuels are known to exhibit Negative Temperature Coefficient (NTC) 

behavior. This area of study, particularly focusing on heat release, two-stage ignition, 

low temperature combustion in the context of cool flames, remains largely unexplored 

for these fuels. Additionally, this investigative approach could be broadened to include 

other fuel components beyond standard hydrocarbons, such as traditional transportation 

fuels, renewable bio-derived fuels and many more offering the potential for identifying 

alternative fuels. 

Secondly, the current understanding of cool flame chemistry is quite limited. It 

is also unknown which fuels can burn in air as cool diffusion flames. By utilizing these 

simulations across a range of initial mixture conditions and compositions, it becomes 
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possible to pinpoint the optimal conditions for sustaining stable cool diffusion flames. 

The insights gained from such data can help identify the temperature limits and mixture 

fractions for CDFs. This can help streamline the process of replicating and observing 

these flames in experimental setups, thereby conserving considerable time and 

resources. This can also help in characterizing flame temperatures, compositions, 

burning rates and emissions. 

As these alternative fuels and conditions for existence of cool diffusion flames 

are identified, the broader goals of improving engine efficiency and reducing emissions 

can be achieved. 
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Appendix A: Cantera autoignition code 
 

# Import necessary libraries 

import pandas as pd 

import numpy as np 

import time 

import cantera as ct 

 

# Display the Cantera version being used 

print(f"Running Cantera version: {ct.__version__}") 

 

# Load the chemical mechanism for the gas 

gas = ct.Solution(r"Mechanism_File_Path (.yaml File)") 

 

# Set the initial reactor temperature and pressure 

reactor_temperature = 825  # Temperature in Kelvin 

reactor_pressure = 101325  # Pressure in Pascals (1 atm) 

 

# Update the gas object with the reactor temperature and pressure 

gas.TP = reactor_temperature, reactor_pressure 

 

# Define the stoichiometry for the fuel/oxidizer mixture 

gas.set_equivalence_ratio(phi=1, fuel="NC7H16", oxidizer={"O2": 1.0, "N2": 3.76}) 

 

# Initialize a batch reactor with the gas mixture and add it to a reactor network 

r = ct.IdealGasConstPressureReactor(contents=gas, name="Batch Reactor") 

reactor_network = ct.ReactorNet([r]) 

 

# Prepare a container to store the time history of the gas state 

time_history = ct.SolutionArray(gas, extra="t") 

 

def ignition_delay(states, species): 

    """ 

    Function to compute the ignition delay based on the peak concentration of a given 

species. 

 

    Parameters: 

    states (SolutionArray): The states of the gas. 

    species (str): The reference species to monitor. 

 

    Returns: 

    float: The ignition delay time in seconds. 

    """ 

    i_ign = states(species).Y.argmax() 

    return states.t[i_ign] 
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# Define the reference species for ignition delay calculation 

 

reference_species = "oh" 

 

# Start timing the simulation 

t0 = time.time() 

 

# Define an initial estimate for the ignition delay time (in seconds) 

estimated_ignition_delay_time = 10 

 

# Simulation start time 

t = 0  

 

# Counter for iteration steps 

counter = 1 

while t < estimated_ignition_delay_time: 

    # Advance the simulation in time 

    t = reactor_network.step() 

    if not counter % 10: 

        # Record the state every 10th step to reduce data size 

        time_history.append(r.thermo.state, t=t) 

    counter += 1 

 

# Calculate the ignition delay using the specified reference species 

tau = ignition_delay(time_history, reference_species) 

 

# End timing the simulation 

t1 = time.time() 

 

# Print the computed ignition delay and the computation time 

print(f"Computed Ignition Delay: {tau:.3e} seconds. Took {t1-t0:.2f}s to compute") 

 

# Optionally, save the time history data to a CSV file 

time_history.write_csv("Heptane_1_825.csv") 
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Appendix B: Temperature versus time plots 
 

 

Figure B.1. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 500 K 
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Figure B.2. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 550 K 
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Figure B.3. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 600 K 
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Figure B.4. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 700 K 
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Figure B.5. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 775 K 
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Figure B.6. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 800 K 
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Figure B.7. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 900 K 
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Figure B.8. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 950 K 
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Figure B.9. Temperature versus time history for n-heptane/air mixture at atmospheric 

pressure and initial mixture temperature of 1000 K 
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