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ABSTRACT 

Insights into the Physical and Chemical Effects Governing Auto-ignition and 

Heat Release in Internal Combustion Engines 

Abdullah S. AlRamadan 

Extensive analysis of the physical and chemical effects controlling the operation of 

combustion modes driven by auto-ignition is presented in this thesis. Specifically, the study 

integrates knowledge attained by analyzing the effects of fuel molecular structure on auto-

ignition, quantity or quality of charge dilution, and in-cylinder temperature and pressure 

on burning characteristics in single and multiple injection strategies employed in 

compression ignition (CI), partially premixed combustion (PPC) and homogenous charge 

compression ignition (HCCI) engines.  

In the first section of the thesis, a multiple injection strategy aimed to produce heat 

at a constant pressure, commonly known as isobaric combustion, has been studied. Since 

isobaric combustion involves fuel chemistry and physical interactions between spray jets, 

optical diagnostic techniques were adopted. To eliminate the complexity of spray-to-spray 

interactions observed with isobaric combustion, the second section is focused on CI 

through single-injection. This section analyzes the sensitivity of CI engine to the fuel’s 

octane number, level of dilution through internal or external exhaust gas recirculation and 

in-cylinder temperature prior to injection. Moving towards moderate conditions with high 

dilution, combustion becomes dominated by chemical kinetics where there is emerging 

evidence that fuels release heat in three distinctive stages. The final section couples zero 

dimensional simulations, mathematical analysis of the reaction dynamics and well-
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controlled experiments in rapid compression machine to understand the burning 

characteristics at extreme dilution – where conditions are relevant to HCCI engines.  

Overall, the thesis provides valuable insights to improve the operation of CI, PPC 

and HCCI engines. Isobaric combustion in CI engine involves large interactions between 

physical and chemical effects. Injection of spray jets into oxygen-deprived regions 

catalyzes the mechanism for soot production. Fuels – regardless of their auto-ignition 

tendency – share the same combustion characteristics in the high load CI, where auto-

ignition is controlled by only the injector’s physical specifications. Such observation is a 

showcase of the fuel flexible that has the potential of using sustainable fuels. The thesis 

provides evidence from experiment and simulation that three-stage auto-ignition is indeed 

a phenomenon driven by chemical kinetics. Three-stage auto-ignition opens the 

perspective to overcome the limitation of the high-pressure rise rates associated with HCCI 

engine.  
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Chapter 1 Introduction 
 

1.1. Transportation Outlook  

Throughout human history, transport has been the catalyst for economic and social 

development. Transportation, in its all forms including road, air and waterborne, mobilizes 

people to their basic needs: jobs, schools and hospitals; and provides the globe access to 

goods and services. Under the economic umbrella, the transport industry accounts for 9% 

and 5% of the American and European gross domestic product (GDP), respectively [1, 2]. 

The importance of transportation makes it at the heart of the 2030 Agenda for Sustainable 

Development established by the United Nations with topics that include reducing the 

carbon footprint and air pollution; increasing transport accessibility and affordability; 

improving road safety; and coping with rapid urbanization and motorization [3].  

Currently, all of the transport technologies are virtually powered by internal 

combustion (IC) engines (99.8%) from which 95% of their energy is supplied by petroleum 

[4, 5]. The transport sector contributes around 24% of global CO2 emissions – directly from 

fuel combustion [6]. The actual share, in fact, is higher when considering the whole life 

cycle of CO2 associated with the fuel production and vehicle’s manufacturing and 

scrapping [7-9]. The high carbon footprint of conventional transport technologies drove 

decision makers to support initiatives related to developing feasible batteries [10].  

Future projections anticipate an increase in the share of moderate up to heavily 

electrified light duty vehicles (LDV), which are expected to account for 75% of new 

vehicle sales in 2050 [11]. However, since battery electric vehicles starts from a low base, 

85-90% of the transport energy will still be provided from petroleum fuels using internal 
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combustion engine by 2040 [5]. In fact, several transportation outlooks expect an increase 

in demand for petroleum-derived fuels by 33% in 2040 [12, 13]. Regarding heavy-duty 

applications, scopes of electrification are limited since the energy capacity and the charging 

rate of current battery technologies are yet to be made scalable [14, 15]. From a more recent 

insight – at the time when this thesis was written – the coronavirus COVID-19 outbreak 

could slow the market penetration of electric vehicles. The anticipated global economic 

depression from COVID-19 is likely to cause reduction in electric vehicles sales, as it is 

still a premium consumer purchase.  

The role of electrification is vital to avert the catastrophic levels of CO2 emitted 

from conventional combustion methods. However, the low base and high cost of 

alternatives necessitate to explore ways to improve the efficiency while reducing emissions 

of internal combustion engines. The short timeframe that humanity has to avoid excessive 

rise in average global temperature, requires input from all transport technologies platforms.  

1.2. Objectives  

The aim of this thesis is to understand the physical and chemical effects controlling 

the operation of combustion modes driven by auto-ignition. In specific terms, the thesis 

combines knowledge from different studies that examine the effect of fuel molecular 

structure on auto-ignition, quantity or quality of charge dilution, and in-cylinder 

temperature and pressure on burning characteristics in single and multiple injection 

strategies employed in compression ignition (CI), partially premixed combustion (PPC) 

and homogenous charge compression ignition (HCCI) engines.  

In the first section of the thesis, the combustion mechanism in multiple fuel 

injection aimed to produce heat at a constant pressure, commonly known as isobaric 



19 
 

 
 

combustion, has been studied. Since isobaric combustion involves fuel chemistry and 

physical interactions between spray jets, the study employs optical diagnostic techniques 

with the target to understand the mechanism that drives auto-ignition.  

To eliminate the complexity of spray-to-spray interactions observed with isobaric 

combustion, the second section of the thesis is focused on compression ignition (CI) 

combustion with single injection. This section analyzes the sensitivity of CI engine to the 

fuel’s octane number, level of dilution through internal or external exhaust gas recirculation 

(EGR) and in-cylinder temperature prior to injection. The study aims to explore 

temperature and pressure threshold where all fuels regardless of their octane number burn 

in CI mode. In addition, regions where partially premixed mode is possible has been 

investigated.  

Moving towards moderate conditions with lower temperature and high dilution, 

combustion becomes dominated by chemical kinetics where even the highly reactive n-

heptane will have extended ignition delay time (IDT) and heat release. These conditions 

enable the study of fuel effects in isolation of fluid dynamics. The final section of the thesis 

aims to couple zero dimensional simulations, mathematical analysis of the reaction 

dynamics and well-controlled experiments in rapid compression machine (RCM) to 

understand the burning characteristics at extreme dilution where conditions are relevant to 

HCCI engines. At these conditions, it was reported that certain class of hydrocarbons 

release heat in three distinctive stages, which is quite unusual. Radical termination 

pathways during the high temperature heat release inhibit the second heat release stage and 

lead to delayed thermal runaway.  
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1.3.  Thesis Outline  

Section Paper Title  Description 

I. Isobaric 

Combustion 

through 

Multiple 

Injections 

Optical Diagnostics of 

Isooctane and n-Heptane 

Isobaric Combustion 

(2020  SAE World 

Congress- 1st Author)  

 

* Investigation of the possibility of 

isobaric combustion even for a low 

reactivity fuel such as isooctane.  

* Spray-to-spray interactions of isobaric 

combustion. 

Optical Diagnostics on 

Isobaric Combustion in a 

Heavy-Duty Engine 

(Applied Energy – 

Coauthor) 

* Attribute trends observed in metal 

engine experiments to comprehensive 

optical diagnostics techniques that 

include: high speed imaging – non 

reactive PLIF – and reactive LII. 

Optical Study on the Fuel 

Spray Characteristics of 

the Four-Consecutive-

Injections Strategy Used 

in High-Pressure Isobaric 

Combustion (2020 SAE 

World Congress- 

Coauthor)  

* Dwell time between injections effect on 

spray-to-spray interactions in isobaric 

combustion – Highlight of the complexity 

of the physical aspect of isobaric 

combustion.   

II. Fuel 

Effect in 

Single 

Injection 

Compression 

Ignition (CI) 

Engine 

Fuel flexibility study of a 

compression ignition 

engine at high loads (SAE 

Kyoto 2019 – 1st Author) 

* Load threshold where fuels with 

different ON burn the same.  

* Sensitivity of fuel flexibility to EGR.  

CR and IAT effect on the 

fuel flexibility of 

compression ignition 

engine 

(SAE Capri 2019 – 1st 

Author) 

* Effect of CR and IAT on the extent of 

fuel flexibility.  

* Comparing the fuel flexibility of 

engines with different CR when matching 

the TDC conditions.   

Low Load Limit 

Extension for Gasoline 

Compression Ignition 

Using Negative Valve 

Overlap Strategy (2018 

SAE World Congress - 

Coauthor) 

* Effect of internal EGR on the 

combustion characteristics in PPC and 

HCCI. 

III. Three 

stage auto-

ignition in 

homogenous 

charge 

compression 

ignition 

Multi-stage heat release in 

lean combustion: Insights 

from coupled tangential 

stretching 

rate (TSR) and 

computational singular 

perturbation (CSP) 

* Extensive 0-D simulation campaign to 

understand the extent of three-stage auto-

ignition with different conditions and 

fuels.  

* TSR-CSP analysis to understand the 

chemistry driving three-stage auto-

ignition.  
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(HCCI) 

engine 

analysis (Combustion and 

Flame Journal – 1st 

Author)  

Three-stage auto-ignition 

of n-heptane and methyl-

cyclohexane mixtures at 

lean 

conditions in a flat piston 

rapid compression 

machine (2020 

Combustion Symposium 

– 1st Author)   

* Provide experimental evidence in rapid 

compression machine of three-stage auto-

ignition at ultra-lean conditions.  

* Detailed chemical kinetic simulations 

performed to gain further insights into this 

unusual phenomenon.  

Understanding multi-

stage HCCI combustion 

caused by thermal 

stratification and chemical 

three-stage auto-ignition 

(2020 Combustion 

Symposium – Coauthor) 

* Demonstration of three-stage auto-

ignition to be driven by chemical kinetics 

and disintegrated from thermal 

stratification.  

 

Figure 1.1 provides a roadmap of conditions analyzed in this thesis.  Specifically, 

it presents the pressure, temperature and localized equivalence ratio (ϕ) exerted on the 

tested fuels upon injection. The presented conditions are relevant to typical compression 

ignition (CI) and homogenous charge compression ignition (HCCI) operation. It is 

worthwhile to emphasize that the localized ϕ is different than the overall ϕ. For example, 

in conventional diesel combustion, fuel auto-ignites instantaneously upon injection, and 

hence, fuel burns in rich regions of the combustion chamber (rich localized ϕ), even though 

the overall ratio of air to fuel in the cylinder indicates lean overall ϕ.    



22 
 

 
 

 

Figure 1.1. Pressure, temperature and localized equivalence ratio conditions of the 

different studies analyzed in this thesis.  

In the first section, isobaric combustion was studied at narrow pressure and 

temperature conditions (50-70 bar and 820 K) since the optical experimental campaign has 

been adopted from pre-defined experiments in a metal engine setup. The localized ϕ is 

sensitive to the fuel used, where the highly resistive fuel to auto-ignition – isooctane for 

this study – has leaner localized ϕ than the more reactive n-heptane.  

The second section involves two main studies: (a) fuels burning characteristics in 

low compression ratio with the effect of intake air temperature and (b) fuels burning 

characteristics in high compression ratio with the effect of exhaust gas recirculation. The 

low compression ratio study involves wide range of temperatures (675-850 K), with 

moderate pressure levels of 30 bar up to 70 bar. The high compression ratio study involves 

wide range of pressure (60-130 bar) with narrow range of temperature 800-850 K. The 

localized ϕ of both studies ranges from rich to stoichiometry depending on the fuel auto-

ignition tendency and level of exhaust gas recirculation.  
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In the final section, the presence of three-stage auto-ignition has been examined in 

wide range of conditions through 0D simulations. This includes temperatures of 600 – 850 

K, pressures of 10 – 50 bar and ϕ of 0.3-1.0. The numerical analysis has been supported by 

experiments in rapid compression machine (RCM) with adiabatic temperature of 700-750 

K, compression pressure of 11-16 bar and lean ϕ of 0.4.  
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Chapter 2 Literature Review 
 

2.1. Current and Advanced Engine Concepts 

The vast majority of current vehicles use one of two types of internal combustion 

engines: spark-ignition (SI) for light-duty applications and compression-ignition (CI) for 

heavy-duty. According to a study in 2019 [1], fuels that power these engines – gasoline for 

SI and diesel for CI – account for 85% of the global transportation sector energy.  

In SI engine, electrical spark plug ignites a premixed air and fuel mixture, from 

which flame propagates towards cylinder walls [2]. Engine load is controlled by a throttle 

valve that regulates the amount of air (and fuel if port fuel injector is used) entering the 

cylinder. SI engines blend stoichiometric proportion of air and fuel (lambda = 1) where the 

mixture, in theory, has sufficient oxygen to completely burn the available fuel. 

Stoichiometric combustion is the sweet spot to extract the best from the three-way catalyst 

– an effective and low cost after-treatment system [3].  

The main drawbacks of SI engine are its part load efficiency and knock propensity. 

Throttling of charge during part load results in pressure drop that translates into pumping 

losses [4]. The nature of flame propagation in SI combustion makes the engine susceptible 

to undesired auto-ignition of end gas. This auto-ignition abnormality may lead to pressure 

fluctuation within the cylinder, causing a metallic ringing noise – commonly known as 

knock [5, 6]. Knock could lead to severe damages to the combustion chamber and piston’s 

head [7]. Therefore, one of the most important properties of SI engine fuels is their 

resistivity to auto-ignition – measured using two standard test methods: Research Octane 

Number (RON) [8] and Motor Octane Number (MON) [9]. Fuel’s octane number 
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determines the compression ratio ceiling from which the SI engine becomes prone to 

knock. The compression ratio bound limits the brake thermal efficiency of SI engines to a 

maximum of 35% for downsized gasoline direct injection engine with turbocharger [10]. 

To be concise, SI engine on average converts, in realistic operation, only 20-25% of the 

fuel energy to useful power because of the throttling losses at low loads and knock at high 

loads [11].  

The ignition mechanism of compression ignition (CI) engine is fundamentally 

different from spark ignition (SI) engine. Reactivity of CI engine is initiated by the auto-

ignition of injected fuel into compressed air with high temperature and pressure 

environment. The fuel, typically diesel, auto-ignites instantaneously within short time, 

leading to a flame with diffusion characteristics [12]. Unlike SI engine, load in CI engine 

is controlled by the amount of fuel injected. This eliminates the need for an intake throttle 

that raises the pumping losses. In addition, since CI engine is not limited by knock, it is 

capable of high compression ratio operation – an ingredient for high efficiency. Recent CI 

engine technologies have demonstrated brake thermal efficiency as high as 46% [13]. The 

high efficiency of CI engine – reflected by fuel economy – attracts its usage for profit-

oriented applications such as commercial heavy-duty vehicles [14]. The heterogeneity of 

CI combustion leads to high soot and NOx emissions. This necessitates the use high-

pressure injector (for better fuel atomization) and complex after-treatment system, both of 

which add substantial cost to the CI engine hardware [15].  

In an attempt to address the limitations of conventional engine concepts, there has 

been much interest in advanced concepts aimed to enhance the burning characteristics 

within the combustion chamber. These concepts include Homogenous Charge 
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Compression Ignition (HCCI) engine [16, 17] that auto-ignites a well-mixed fuel air 

mixture; Reactivity Controlled Compression Ignition (RCCI) engine [18, 19] that 

introduces dual fuels with different tendency for auto-ignition; Partially Premixed 

Combustion (PPC) engine [20-22] that auto-ignites a low reactivity fuel; and Pre-chamber 

engine [23, 24] that burns fuel-rich charge inside a small pre-chamber embedded within 

the main combustion chamber. An overview of HCCI and PPC engines that are more 

relevant to this study will be provided.  

Similar to the SI engine, the HCCI engine inducts premixed fuel and air into the 

combustion chamber. But the combustion in HCCI engine, unlike the SI engine that relies 

on an ignition device, initiates by the auto-ignition of compressed charge. Optimum 

operation of HCCI engine involves high compression ratio and dilution that leads to low 

combustion temperature [16]. HCCI engine has the potential to achieve high thermal 

efficiency – up to 51% indicated thermal efficiency – with low soot and NOx emissions 

[25, 26]. However, its operation is limited to low loads because higher loads require fuel 

enrichment that leads to excessive pressure rise rates [27]. The high friction losses 

associated with low-load operation reduce the high indicated efficiency to a rather low 

brake thermal efficiency [11]. The combustion controllability of HCCI is decoupled from 

either spark timing as in the SI engine or start of injection as in the CI engine. It relies only 

on fuel auto-ignition quality, and intake temperature and pressure, none of which offers 

instantaneous controllability [14]. The low combustion temperature of HCCI leads to high 

emissions of CO and unburnt hydrocarbons [16]. All of the aforementioned drawbacks 

stand against HCCI engine to attain commercial success [14], albeit the latest Mazda 
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SKYACTIV-X Spark Controlled Compression Ignition (SPCCI) technology includes 

HCCI mode in part of its operation [28].  

PPC engine can be perceived as a concept that combines principles from both CI 

and HCCI engines. Fuel is directly injected to the cylinder in an earlier phasing than CI, 

allowing for enhanced fuel and air mixing. The PPC engine avoids fully heterogeneous 

(CI) or fully premixed (HCCI) conditions by diluting with air and residual gases; and using 

a fuel with higher resistivity to auto-ignition [14]. These enable PPC engines to achieve 

CI-like efficiency with lower NOx and soot emissions [11]. PPC demonstrated an indicated 

efficiency of 57% with gasoline fuel in a heavy-duty diesel engine hardware [22]. In a 

study that investigated PPC combustion in multi-cylinder engine, it was concluded that 

exhaust gas recirculation (EGR) between 50-55% and lambda of 1.4 are optimum intake 

conditions for PPC operation [29]. The main drawback of PPC is the use of low-reactivity 

fuel that could lead to poor combustion stability at low-load and idle operation [30, 31].  

Other advanced engine concepts focused to improve the configuration of the engine 

cycle for optimum extraction of heat. An example of such concept is the Double 

Compression Double Expansion engine (DCEE) engine presented by Volvo Trucks with a 

target to realize 55% brake thermal efficiency [32]. The DCEE concept splits the cycle 

through low-pressure (LP) and high-pressure (HP) units. Inducted air undergoes two 

compression strokes through the LP and HP units, raising the pressure to approximately 

300 bar. Fuel combustion occurs at the HP unit where the hot charge undergoes two 

expansion stages: starting from the HP unit then fed to the LP unit. The high effective 

compression ratio (~60:1) and the multi-stage heat recovery of the integrated system enable 

the DCEE concept to attain an efficiency target that has not been achieved before. The 
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potential of DCEE in simulations (1-D and CFD) and experiments are analyzed in these 

studies [33-36].   

The nature of combustion in the DCEE engine, operating at extreme conditions 

(~300 bar), limits the choices of heat release. Avoidance of excessive pressure rise rates is 

necessary as it can lead to mechanical damage to the engine. Releasing heat at a constant 

pressure, or also known as isobaric combustion, appears as one of few viable options for 

the DCEE engine. Isobaric heat release with sequential injections using a single injector is 

possible using either a flexible rate shaping injector [37], a dual common rail fuel injection 

system [38] or Delphi F2E with distributed pump common rail system [39]. However, 

multiple-injection of highly reactive fuel could lead to high soot emission because the 

combustion exists at fuel-rich regions [40-42]. Okamoto and Uchida [43] demonstrated the 

potential to enhance the mixing of isobaric combustion through three injectors.  

2.2. Fuel Flexibility in Internal Combustion Engines   

Having an engine capable of burning any fuel can solve many issues related to 

transportation sustainability. First, refineries can dedicate all their resources to produce low 

cost and low carbon intensity fuels – without being restricted by the exhaustive list of fuel 

standards. Secondly, fuel flexible engines can address issues associated with future change 

in the demand of liquid hydrocarbons. Projections anticipate accelerated growth in demand 

for diesel and jet fuels at a faster rate than gasoline [44, 45]. The demand shift catalyzed 

by factors related to efficiency gain and electrification of light-duty vehicles; population 

growth; and urbanization [46, 47]. Increasing the yield of diesel and jet fuels, without major 

infrastructural changes in the refinery, increases the availability of less processed gasoline 

with low octane quality [20]. This triggered substantial interest from energy suppliers 
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(Saudi Aramco) and manufacturers of vehicle propulsion systems (Delphi) to utilize these 

‘homeless hydrocarbons’ in PPC engine [48-50] – and so does a fuel flexible engine. 

Finally, such fuel flexibility offers protection for consumers from price fluctuations. In the 

UK, gasoline and diesel prices fluctuate by approximately 30% from 2010 to 2019 [51].  

The review discusses studies that examined engine’s adaptability to fuels with 

different octane numbers. Christensen et al. [52] showcased the multi-fuel capability of 

HCCI engine. The enabler for such fuel flexibility is the electrical air heater and variable 

compression ratio system incorporated within the engine hardware. The study established 

a three-dimensional map, highlighting the intake air temperature and compression ratio 

requirements for optimum combustion phasing, which depends on the fuel’s octane 

number. Analysis of the indicated efficiency and the associated emissions recommends the 

use of high octane number fuel, as it allows for high compression ratio operation with 

moderate NOx, HC, CO and smoke emissions.  

Manente et al. [21] examined the capability of CI engine to burn different octane 

number fuels in PPC mode. The study performed load sweep of 5 to 26 bar IMEPg using 

eleven fuels with RON range of 20 to 100. The best candidate to extract the highest PPC 

combustion efficiency with moderate emissions and pressure rise rates is gasoline fuel with 

RON range of 70. Throughout the load range, any fuel with RON < 70 can burn in PPC 

mode without encountering ignitability issues at low loads.    

There are also studies that compared the behavior of fuels with different tendencies 

for auto-ignition at high loads. Wang et al. [53] analyzed the potential to exhibit PPC 

regime with different RON 70 fuels and diesel. At high loads, low octane fuels are limited 

to diffusion-driven combustion because of their short ignition delay time. There exists an 
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octane number bracket for PPC combustion operation at various loads – higher octane 

number boundary to avoid auto-ignition issues at low engine load; and lower octane 

number boundary to avoid conventional diesel combustion at high engine load. In another 

study [54], the combustion of diesel and gasoline have been compared in heavy-duty 

engine setup at high load (IMEPg = 20 bar). Both fuels exhibit diesel-like combustion 

characteristics with minor difference in the ignition delay time. Even with the introduction 

of EGR, gasoline and diesel maintain the diffusion-driven characteristics without any signs 

of PPC. Further insights about the high temperature chemistry of fuels can be gained from 

Xu and Wang study [55]. They utilized Monte Carlo statistical method to study the 

combustion chemistry of multi-component commercial fuels. Exerting extreme conditions 

(high-temperature and high-pressure) make the chemistry of fuels – with hundreds of 

components – statistically identical. There are multiple indicators that there exists a high-

load threshold where fuels, regardless of their octane numbers, share similar combustion 

characteristics.  

2.3. Three-stage Auto-ignition  

A potential pathway to achieve higher thermal efficiency in combustion systems 

while complying with stringent environmental regulations is burning at lean conditions. 

Low temperature combustion concepts, which offers substantial improvements in 

efficiency and NOx emissions, necessitate lean proportion of air and fuel mixture [56]. 

However, lean combustion encounters one major obstacle – combustion instability, which 

limits the control of flame ignition and extinction [57, 58]. There is a lack of studies on 

literature explaining the chemistry of ultra-lean combustion. The study in Chapter 5 is 
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attempting to understand unusual trends associated with the heat release under lean and 

highly diluted conditions.  

Sarathy et al. [59] remarked, from zero-dimensional kinetic simulations, substantial 

differences in the auto-ignition characteristics of stoichiometric and ultra-lean auto-

ignition of n-heptane/air mixture. While stoichiometric n-heptane displayed two-stage 

auto-ignition, combustion of ultra-lean n-heptane (equivalence ratio of 0.3) exhibits an 

unusual three-stage auto-ignition. The study confirmed the presence of three-stage auto-

ignition in rapid compression machine. The chemical kinetics of three-stage auto-ignition 

was attributed to the radical termination reactions of H, OH, and HO2 during the second 

auto-ignition stage, leading to a delay in the high temperature heat release (HTHR).  

Other studies reported multiple-stage auto-ignition, but their underlying 

mechanisms are notably different than the one presented by Sarathy et al. [59]. Multiple 

HCCI engine experiments and simulations have reported intermediate temperature heat 

release (ITHR) with lean dual fuel auto-ignition [60-62]. ITHR is induced by adding a fuel 

without low temperature heat release (LTHR) characteristics (such as ethanol) to a fuel that 

exhibit LTHR (such as n-heptane). The chemistry driving such phenomenon underlined by 

competition between Alkylperoxy (RO2) radical chain branching, propagation and 

termination pathways.  

Shibata and Urushihara [63, 64] reported delayed HTHR with gasoline fuels that 

contain alkanes and aromatics in HCCI engine. Benzyl radicals, produced from the toluene 

in the fuel, suppress the CO oxidation mechanism, causing an additional HTHR stage. In 

simple terms, the separation of HTHR can be attributed to complex interactions within the 

alkanes and aromatics radical pool. Similarly, Machrafi and Cavadias [65] highlighted the 
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role of toluene in the fuel to drive the mechanism three-stage auto-ignition in HCCI engine. 

They supported experimental observations with chemical kinetic modeling of binary n-

heptane/isooctane and ternary n-heptane/isooctane/toluene mixtures with air.  Similar 

delay in the HTHR, as in the aforementioned studies, has been reported in HCCI engine by 

Dec [66] and Sjoberg and Dec [67], but with different mechanism. The mixture experiences 

bulk-gas quenching at lean condition that suppresses the convergence of CO to CO2.   

A number of studies have also been performed to analyze the auto-ignition 

characteristics in reactors with controlled environment. Farouk et al. [68] analyzed the 

combustion of large n-alkane droplet in a pressure vessel with hilum dilution. The droplet 

released heat in three stages, identified by hot, warm and cool flames. The study attributed 

such phenomenon to competition of LTHR and NTC kinetic regimes with losses due to 

radiation or diffusion. Thion et al. [69] reported double NTC behavior while burning the 

highly reactive di-n-butylether in jet stirred reactor. The decomposition of highly 

oxygenated molecules under lean conditions can lead to an additional heat release stage 

[70-72]. The flame of diethylether (DEE) showed multiple luminescent regions as reported 

by Angew and Agnew [73]. There exists a third yellow luminescent region while burning 

rich mixture, which most likely attributed to soot glowing.  

All of the aforementioned papers that report three-stage auto-ignition in HCCI 

engine and idealized reactors are qualitatively different than the one presented by Sarathy 

et al. [59]. The phenomenon reported in [59] is driven by the chemical kinetics of a single 

fuel (i.e., n-heptane) in the absence of fuel mixtures effects or external dissipation 

mechanisms such as transport or radiation.  
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Chapter 3 Isobaric Combustion through Multiple Injections 
 

3.1 Introduction 

Driven by the need for simultaneous increase in the internal combustion (IC) 

engines efficiency and reduction in the harmful emissions, researchers have been exploring 

advanced engine concepts. Some concepts aimed to enhance the burning characteristics 

within the combustion chamber either by auto-igniting a fuel with lower reactivity as 

demonstrated in partially premixed combustion (PPC) [1-3], introducing dual fuels with 

different tendency for auto-ignition as in reactivity controlled compression ignition (RCCI) 

[4, 5], or auto-igniting a well-mixed fuel air mixture as in homogenous charge compression 

ignition (HCCI) [6, 7]. Others focused to improve the configuration of the engine cycle for 

optimum extraction of heat. An example of such concept is the Double Compression 

Double Expansion (DCEE) engine developed by Volvo Trucks – targeting an ambitious 

55% brake thermal efficiency [8].  

The DCEE is a split-cycle concept where the cycle undergoes two stages of 

compression and expansion through two cylinders: low-pressure (LP) and high-pressure 

(HP) cylinders [8]. The two stages of compression in the LP unit followed by the HP unit 

raises the compression pressure to approximately 300 bar. After combusting the fuel in the 

HP unit, the heat from exhaust is utilized further in another expansion stage at the LP unit. 

The high compression pressure of DCEE lies at the mechanical limit of engine hardware. 

Therefore, isobaric combustion, or also known as constant pressure heat release, appears 

as one of few viable choices for DCEE to avoid excessive pressure rise rates at the HP unit.  
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Babayev et al. [9] evaluated the efficiency potential with the associated emissions 

of isobaric combustion in a single-cylinder heavy-duty metal engine. The study achieved 

isobaric combustion at two pressure levels through multiple injections of diesel fuel using 

a single central injector. These cases operated at a peak pressure of 50 bar (IsobaricL) and 

70 bar (IsobaricH). The study included a conventional diesel combustion (CDC) case that 

has the same peak motored pressure as IsobaricL and similar peak pressure as IsobaricH. 

Figure 3.1 (a) illustrates the pressure trace and the injector signal for the aforementioned 

cases.  

 

Figure 3.1. Summary of key findings from Babayev et al. [9] isobaric combustion study 

(a) Pressure trace and injector signal (b) Energy distribution and soot emissions 

The energy distribution of the studied cases accompanied with the soot 

concentration are presented in Figure 3.1 (b). The study has concluded that IsobaricH 

shares similar indicated efficiency as the CDC case but with lower heat transfer losses. The 

gain in mitigating heat transfer losses for IsobaricH is shifted towards exhaust energy that 

can be further utilized in a split-cycle concept such as DCEE. In comparison with CDC, 

IsobaricL has lower indicated efficiency, mainly attributed to the low effective expansion 

ratio of IsobaricL with its late combustion phasing. Similar to the IsobaricH, the high 
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exhaust energy of IsobaricL can be treated as a gain in the DCEE where such concept has 

an additional expansion stage. With regards to the emissions analysis, the isobaric cases 

have substantially higher soot emission in comparison with CDC. The soot concentration 

of IsobaricL is three times higher than CDC, with IsobaricH is almost double than that of 

CDC. The unburnt hydrocarbon emissions are similar for the isobaric cases where they are 

both higher than CDC. The opposite trend has been reported for the NOx emission, in 

which CDC has double the emission of the isobaric cases.   

Babayev et al. [9] have demonstrated the potential of isobaric combustion for high 

pressure applications. However, the complexity of spray-to-spray interactions in 

controlling the auto-ignition stands against attributing trends observed in the metal engine 

study [9]. Therefore, performing similar cases in an optical setup of the same engine will 

be a valuable contribution. In addition, since isobaric combustion is typically achieved with 

highly reactive fuel – as it offers good controllability of injections – it is worthwhile to 

examine the potential of a fuel with longer ignition delay time.  

 

3.2 Objectives  

The aim of this chapter is to dissect the chemical and physical interactions involved 

in the auto-ignition of isobaric combustion. The study utilizes different optical diagnostics 

techniques namely: high speed chemiluminescence imaging, high-speed Mie scattering 

imaging, non-reactive fuel-tracer planer laser-induced fluorescence (PLIF) and reactive 

laser-induced incandescence (LII). The aforementioned techniques assist to solidify 

conclusions regarding the efficiency and emission trends of the metal setup [9]. Another 

objective of this chapter is to examine the possibility of achieving isobaric combustion with 
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a fuel that has high resistivity to auto-ignition. This can potentially allow enhanced mixing 

of fuel jets with air: to achieve optimum burning.  

3.3 Experimental Setup and Optical Diagnostic Techniques 

3.3.1 Optical Engine Experimental Apparatus 

A modified heavy-duty Volvo D13C500 EUV engine has been utilized for all the 

experimental campaign presented in this section. The engine shares similar hardware as the 

one used by Babayev et al. [9] but with modifications based on a Bowditch Piston design 

for optical diagnostics [10]. A schematic of the optical setup is shown in Figure 3.2. The 

combustion chamber can be accessed through an optical piston crown for bottom view, and 

three optical windows for side views. The bowl of the optical piston crown has an omega 

(ω) shape with similar dimensions as the one used by Babayev et al. [9]. Although both 

experimental apparatuses share similar piston geometry, the effective compression ratio 

(CR) of the optical setup is 12.5:1, that is substantially lower than the 17:1 CR in the metal 

setup [9]. The CR mismatch arises from the lower ring pack height resulting into larger 

crevice volume and the blow-by losses of the optical setup. Further details about the engine 

specifications, experimental devices and the assembly of units can be found in our 

publications [11-14].  
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Figure 3.2. Layout of the Volvo D13C500 EUV optical engine setup 

3.3.2 Optical Diagnostic Techniques 

The study employed different optical diagnostic techniques to increase the 

understanding of the spray-to-spray interaction in isobaric combustion. In this sub-section, 

a brief explanation of the optical diagnostic techniques is given. Further details can be 

found for the high-speed chemiluminescence imaging in [11, 12], the high-speed Mie 

scattering imaging in [12, 14], the non-reactive fuel-tracer planer laser-induced 

fluorescence (PLIF) in [12] and the reactive laser-induced incandescence (LII) in [12]. In 

addition, interested readers are referred to the Appendices (Chapter 7) for further details 

about the post processing of high-speed images and cycle parameters  

High speed chemiluminescence imaging: Photran Fastcam SA-X2 aligned towards 

a stationary mirror for a bottom view of the combustion chamber (Figure 3.2) has been 

utilized for the high-speed chemiluminescence imaging. Images were captured with a full-

cylinder and half cylinder vision fields where the former allows for higher resolution and 
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the latter allows for higher frame rates. The acquisition of the 2D images was obtained at 

frame rates up to 45,000 fps for the full-cylinder view and up to 75,000 fps for the half 

cylinder view. For cases with high soot luminosity, a short pass filter with 440 nm blocking 

edge was employed to avoid image saturation.  

High-speed Mie scattering imaging: The Mie scattering signal of the liquid-phase 

spray was recorded using a high-speed Photron SA4 camera under non-reactive conditions. 

The camera was positioned at a similar location as in the high-speed chemiluminescence 

imaging (see Figure 3.2). Images were acquired at a frame rate of 36,000 fps with an 

exposure time of 10 µs. The spray jet was illuminated using a 350 Watt halogen lamp 

positioned at one of the optical side windows. A key outcome from this diagnostic analysis 

is the quantification of the spray penetration length. The spray edge for liquid penetration 

length calculation was defined as the 10% of the peak of the scattered light signal when 

considering a binary image.  

Non-reactive fuel-tracer planer laser-induced fluorescence (PLIF): The selected 

fuel tracer for PLIF imaging is toluene, in which 2% by volume was added to the fuel. The 

toluene trace was excited by a fourth harmonic (266 nm, 60 mJ/pulse) of a 10 Hz Nd:YAG 

laser (Q-smart 850, Quantel). Fuel-tracer PLIF imaging has been performed in non-reactive 

conditions to complement results from Mie scattering of the liquid-phase spray. The laser 

sheet penetrated through the centerline of one of the injector’s spray jets. The laser sheet 

was visualized from the side window, perpendicular to the laser window, using Princeton 

PI-MAX ICCD camera. Since the image is distorted by the curved side window, a convex 

cylindrical lens was installed on the side window for image correction. The ICCD camera 
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has an exposure time of 100 ns. Only one image was acquired per cycle because of the low 

laser repetition rate.  

The reactive laser-induced incandescence (LII): The same laser as the one used in 

the PLIF imaging (10 Hz Nd:YAG laser, 266 nm, 60 mJ/pulse) was deployed in the LII 

imaging under reactive conditions. Since the laser wavelength (266 nm) can excite soot 

precursors known as polycyclic aromatic hydrocarbons (PAHs), the setup can be utilized 

for soot detection through LII signal. The prevailing advantage of soot LII signal, according 

to these studies [15-17], is its long lifetime, which is considerably higher than PLIF signal. 

Due to the presence of oxygen within the cylinder, the PLIF signal is quenched rapidly 

within tens of nanoseconds. The gate width phasing of the ICCD camera (PI-MAX, 

Princeton) has been delayed by 200 ns relative to the laser pulse to avoid interference of 

the PLIF signal.  

3.4 Methodology 

As the experimental campaign presented herein is inspired by a metal engine study 

of isobaric combustion [9], similar experimental conditions have been adopted. The 

conditions of a base CDC case with a motored pressure of 50 bar and a peak pressure of 

70 bar have been reproduced. The aforementioned case was compared with two isobaric 

cases enclosing the CDC pressure trace. The first isobaric case, labelled as IsobaricL, 

shares the motored conditions of the CDC case. The other isobaric case (IsobaricH) is 

operated at a pressure level of 70 bar, similar to the peak of the CDC base case.  

n-Heptane was used as a representative surrogate for the diesel fuel that was 

employed in the metal engine study [9]. The analysis of this chapter extends beyond 

studying isobaric combustion of a fuel with high reactivity. The possibility of achieving 
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isobaric combustion in the low reactive isooctane was explored. The conditions of 

isooctane isobaric combustion were adopted from the IsobaricH case. The injection 

strategies were replicated from the n-heptane case with the exception of the phasing of 

injections. The injection phasing has been altered through repetitive trials with the purpose 

to achieve isobaric combustion.  

Table 3.1. Summary of the test conditions for the optical isobaric combustion study 

Fuel Case 

Inj. Signal 

[CAD 

aTDC] 

Inj. 

Duration 

[µs] 

Pintake 

(Pmotor) 

[bar] 

Tintake 

(Tmotor)  

[K] 

Optical 

Diagnostic* 

n
-h

ep
ta

n
e 

CDC -6  ,  -3 190, 405 
1.7  

(50) 

325  

(822) 

HSI, Mie, 

PLIF, LII 

IsobaricL 
-4 ,  1  ,  4  

, 8.3 

200, 200, 

220, 300 

1.7  

(50) 

325  

(822) 

HIS, Mie, 

PLIF, LII 

IsobaricH 
-3 , 1 ,  3.5 

, 6.3 

190, 200, 

200, 270 

2.4  

(70) 

328  

(829) 
HSI 

isooctane IsobaricH 
-15, -12 , -

9 , -4 

190, 200, 

200, 270 

2.4  

(70) 

328  

(829) 
HSI 

* Optical diagnostic techniques acronyms: HSI: high-speed chemiluminescence imaging, 

Mie: Mie scattering of the liquid-phase spray, PLIF: non-reactive fuel-tracer planer laser-

induced fluorescence, LII: reactive laser-induced incandescence 

Unlike the metal engine experiments presented in [9] with a CR of 17:1, the optical 

setup has a substantially lower CR of 12.5:1. This poses a challenge to match the pressure 

and temperature profiles of both studies. Therefore, the intake pressure and temperature of 

the optical setup were increased to match the motored conditions at piston’s top dead center 

(TDC). Calculation of temperature was performed using the following equation:  

  


Tc

T

c

P

P

T

dT

0

)ln(
1 0
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Where γ is the specific heat ratio (Cp/Cv) calculated from the NASA Polynomials 

of air. It is worthwhile to note that this equation was used to calculate the bulk temperature 

up to the start of combustion. The ideal gas law was implemented beyond the start of 

combustion with the assumption that the mass is preserved. Table 3.1 is a summary of the 

test conditions including the fuel used, injector settings, intake and motored conditions, 

and the implemented laser diagnostic techniques.  

3.5 Results and Discussion 

3.5.1 n-Heptane Combustion 

The result section starts with the combustion performance of n-heptane evaluated 

from the pressure trace. It is followed by analyzing the behavior of n-heptane combustion 

in different optical diagnostic techniques.  

3.5.1.1 In-cylinder Pressure, Bulk Temperature and RoHR 

The in-cylinder pressure, bulk temperature, rate of heat release (RoHR) and injector 

signal of the n-heptane cases in the optical engine are compared with the metal engine 

experiments [9] in Figure 3.3. The figure shows that the fuel/air mixture has lower 

reactivity in the optical setup. This can be identified by the absence of the initial bump in 

the RoHR caused by the first injection, which has been observed in all the metal engine 

cases. Another indicator is the delay in the main heat release stage of the CDC case by 

approximately 2 CAD. A possible explanation to such deviations is the use of different 

fuels in the compared studies. In a previous study performed by our research group [18], 

the same diesel fuel as the one used by Babayev et al. [9] was found to have faster ignition 

delay time than n-heptane. In addition, the higher dilution ratio (i.e. lambda) in the optical 
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setup – to compensate for the CR ratio deficit – can be another cause for the extended 

ignition delay time.   

 

Figure 3.3. Comparison of the in-cylinder pressure, bulk temperature, RoHR and 

injection strategy of (a) CDC (b) IsobaricL (c) IsobaricH in the optical engine with the 

metal engine experiments [9] 

The isobaric cases, in the metal engine, released heat in four stages, corresponding 

to the number of injections. However, the optical study reports only two heat release stages: 

an initial stage that burns fuel from the first three injections followed by a main stage 

burning the fourth spray jet. This can be a consequence of the lower reactivity and the 

higher dilution of the optical experiment, which allows enhanced mixing of the first three 

injected jets of fuel with air. It is worthwhile to note the excessive increase in the pressure 

rise rate in the IsobaricH case caused by the fourth injection. The lower CR of the current 

setup can be a possible cause of such deviation as the mixture resides in high pressure and 

temperature regions for longer time. The aforementioned effect has also been observed in 

the IsobaricL case but at smaller extent. The excessive increase in the pressure rise rate of 
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the IsobaricH case caused an increase in the peak of bulk temperature to the one calculated 

in the metal engine experiments.   

An important observation is the correlation between the peak of bulk temperature 

and the heat transfer losses highlighted in the metal engine experiment [9] that is shown in 

Figure 3.1. The reference CDC case, which suffers the highest heat transfer losses, has the 

highest peak of bulk temperature. In contrast, the bulk temperature is the lowest for the 

IsobaricH case, which justifies its attractiveness for being the case with the lowest heat 

transfer losses.   

Overall, there are substantial similarities in the burning characteristics between the 

current setup and the metal engine experiment even with the CR difference. This will 

certainly assist to correlate observations from optical diagnostics to performance and 

emission trends reported in the metal engine setup.  

3.5.1.2 High-Speed Chemiluminescence Imaging 

Analysis of the high-speed chemiluminescence imaging for the CDC and IsobaricH 

cases will be presented in this sub-section. Figure 3.4 is an illustration of the CDC 

combustion through high-speed imaging accompanied with the evolution of the normalized 

chemiluminescence and RoHR. The first chemiluminescence signal was detected at around 

1.8 CAD aTDC, which aligns with the start of heat release. After that, diffusion flames 

travel away from the three visible injector nozzles towards the piston walls. The flame 

reaches the edge of the piston bowl at around 3.8 CAD aTDC, from where it spreads around 

the squish region of the combustion chamber. Burning at the squish zone can be a possible 

cause of the high heat transfer losses reported for the CDC in the metal engine experiment 

(Figure 3.1).  
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Figure 3.4. Images of the CDC combustion collected through the bottom view of the 

combustion chamber accompanied with the normalized chemiluminescence and RoHR 

Similar analysis to the one presented for the CDC case was implemented for 

IsobaricH but with a full-view image of the combustion chamber. This is shown in Figure 

3.5. The first apparent chemiluminescence signal was detected at 3.8 CAD aTDC, 

corresponding to the first two injections. The signal appears as a diffusive foggy flame 

surrounding the injector. At 4.6 CAD, the third injection spray jets – illuminated by the 

flame of the first two injections – start to appear. The spray jets do not appear to induce 

any cooling effect to the burning flame as both the RoHR and normalized 

chemiluminescence intensity rise continuously. This is unlike the trend observed in the 

metal engine experiment where the RoHR initially stagnates with the injection of the third 

spray. A possible explanation of the mismatch is the higher dilution of the optical 

experiment, which provides more oxygen to react with the spray jet. 

The first appearance of the fourth injection spray jets occurs at 6.1 CAD aTDC. It 

has initially minimal effect on the RoHR and normalized intensity where they continue to 

grow up to CAD = 8.2. From that point, the spray jets reach the burning clouds where 

oxygen is not available. The cooling jets stagnate the reactivity of the mixture identified 

by the flattening of the RoHR curve. However, the chemiluminescence intensity continues 

to grow slowly at that region. Burning at the oxygen-deprived regions is a soot production 

mechanism. Hence, it is most likely that the growth in the chemiluminescence signal arises 
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from soot radiation. The RoHR remains flat until the end of fuel injection at CAD = 9.9. 

The fuel spray, from that point, escapes the oxygen-deprived regions where it starts the 

main auto-ignition event. The flame that was initiated around the injector tip eventually 

travels around the whole combustion chamber.  

Figure 3.5. Images of the IsobaricH combustion collected through the bottom view of the 

combustion chamber accompanied with the normalized chemiluminescence and RoHR 

In summary, the high-speed chemiluminescence imaging provided insights into the 

physical interactions of spray jets in isobaric combustion. It showed that injecting sprays 

into a burning flame could yield to different outcomes depending on the oxygen 

availability. The spray jets of the third injection find available oxygen to provide 

combustion continuity. The fourth injection spray jets enter oxygen-deprived regions 
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where its latent heat of vaporization (cooling effect) hinders the reactivity of the mixture. 

Therefore, it can be concluded that the multi-stage auto-ignition of n-heptane isobaric 

combustion is indeed physical, driven by the inhibition of reactivity by the spray jets.  

3.5.1.3 Mie Scattering of the Liquid-phase Spray and Fuel-traced PLIF Imaging 

 

Figure 3.6. Liquid phase penetration length in mm overlapped with Mie scattering images 

(left) and average fuel-tracer PLIF (right) under non-reactive conditions for IsobaricL 

case  

In this sub-section, Mie scattering of the liquid-phase spray and fuel-traced PLIF 

imaging were employed to understand the spray-to-spray interactions in isolation of 

combustion. The case presented herein is the IsobaricL case. Figure 3.6 demonstrates the 
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liquid-phase penetration length calculated from the Mie scattering images, accompanied 

with results from the fuel-tracer PLIF. The pilot injection hardly escapes the injector nozzle 

with a penetration length of 5 mm. It resides at close proximity to the cool injector surface 

– justifying the lack of combustion produced from the first injection (refer to Figure 3.3).  

The second and third injections have similar penetration lengths of 20 mm. Even though 

the flame produced by both jets reaches piston bowl, their liquid sprays are contained 

within the piston bowl. The fourth injection has the longest penetration length of 25 mm 

where it reaches the edge of the bowl. From the point of contact on the bowl edge, the fuel 

creates opposite vortex – one travels back to the piston center and the other heads towards 

the squish. This indicates that some portion of the fuel undesirably burn close to the 

cylinder walls, leading to increased heat transfer losses. Since the bowl has a radius of 45 

mm, the liquid penetration analysis indicates that the fuel jet does not cause any wall 

wetting.  

3.5.1.4 Reactive LII for Spatial Soot Distribution  

LII under reactive conditions were utilized to determine the spatial distribution of 

polycyclic aromatic hydrocarbons, which are soot precursors, for the CDC and IsobaricL 

cases. The LII study was performed at 10 CAD aTDC – corresponding to the start of fourth 

injection in IsobaricL. It is an interesting region to analyze as the fuel jets travel into the 

combustible clouds that lack oxygen. Figure 3.7 presents the LII results for CDC and 

IsobaricL cases with the aid of high-speed chemiluminescence and fuel-tracer PLIF for 

integrated analysis.  Since the analysis lies at a post combustion region of the CDC case, 

the LII signal was found weak and diffused around the combustion chamber. It appears 

that soot particles at 10 CAD aTDC are undergoing post oxidation stage. IsobaricL has 

(a) 
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substantially higher LII signal in comparison with the CDC case. Most of the soot is created 

at the region where the fourth injection spray comes into contact with the burning cloud. 

This region, as highlighted in the high-speed chemiluminescence imaging, is deprived of 

oxygen. There are also spots of high soot concentration around the edge of the bowl. The 

surface of the piston can produce some cooling effect, which then increases the propensity 

of soot production. The piston’s cooling effect arises from the nature of optical engines 

experiments – fired cycles are followed by multiple motored cycles in order to avoid 

overheating of the optical components. This creates a relatively cold surroundings around 

the combustion chamber.  

 

Figure 3.7. High-speed chemiluminescence images (top), non-reactive fuel-tracer PLIF 

images (middle) and LII images (bottom) at 10 CAD aTDC for the (a) CDC and (b) 

IsobaricL cases. The location of the laser sheet is market by the dashed line at the top 

images    

Due to the poor air/fuel mixing in isobaric combustion with single injector, such 

combustion mode suffers from substantial soot emissions. Another cause of the high soot 

(b) 

(a) 

(a) 
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emission emitted with isobaric combustion is its low expansion ratio. This limits the time 

for soot oxidation. According to the experiments from metal engine, IsobaricH emits lower 

soot emission than IsobaricL. This can be attributed to the combination of the higher 

expansion ratio and higher air density for soot oxidation for the isobaricH case.  

To summarize, the LII analysis brought some valuable insight into the mechanism 

of soot creation with isobaric combustion. It appears as an unavoidable burden with 

isobaric combustion unless enhanced mixing techniques were employed (multiple 

injectors) or an additional expansion stage were adopted (split-cycle).  

3.5.2 Isooctane Combustion  

In this section, the combustion performance and high-speed imaging of isooctane 

combustion are compared with n-heptane.  

3.5.2.1. In-cylinder Pressure, Bulk Temperature and RoHR 

The in-cylinder pressure, bulk temperature, RoHR and injection strategies for the 

isobaric combustion of isooctane accompanied with IsobaricH case of n-heptane are shown 

in Figure 3.8. Isooctane – representing the higher boundary of the octane number scale 

with low reactivity – has exceedingly early injection phasing. In fact, the injection phasing 

of isooctane is well advanced so that the fourth injection overlaps with n-heptane’s first. 

Interestingly, both fuels exhibit two stage auto-ignition. While n-heptane’s staged auto-

ignition driven by the physical interactions between the spray jets and flame clouds, 

isooctane two stage can potentially be driven by chemistry (negative temperature 

coefficient).  
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Even though the number of injections and their respective durations were matched 

between the two cases, isooctane isobaric combustion yielded a much smaller IMEPg than 

n-heptane cases (2 bar vs. 6.2 bar). The mismatch is reflected on discrepancies between the 

peaks of temperature, pressure and RoHR. n-Heptane isobaric case yields to higher 

temperature and pressure peaks; and steeper slope of RoHR. These discrepancies could be 

the consequence of different factors. First of all, the dwell time between injections with 

isooctane is higher than that of n-heptane. The short dwell time leads to injecting more fuel 

quantity to the cylinder as extensively studied by Aljohani et al. [19]. Another factor could 

be the isooctane case studied herein suffers from poor combustion efficiency. The indicator 

for such factor is the large cycle-to-cycle variation noted with isooctane isobaric 

combustion. Isooctane’s lack of reactivity poses difficulties to ensure complete 

combustion.  

 

Figure 3.8. Comparison of in-cylinder pressure, bulk temperature, RoHR and injector 

signal between n-heptane IsobaricH and isooctane 
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3.5.2.2. High-Speed Chemiluminescence Imaging 

An illustration of the chemiluminescence signal alongside with the RoHR and the 

normalized intensity for isobaric isooctane combustion is shown in Figure 3.9. The high-

speed imaging does not detect any chemiluminescence signal during the first heat release 

stage even with a substantial increase in the image gain. That heat release stage can possibly 

be cool flame, which according to many studies including Kashdan et al. [20], requires 

laser techniques to detect them. This is unfortunately beyond the scope of this work. 

Therefore, a decision whether the multi-stage auto-ignition of isooctane is driven by 

chemistry or physical effects cannot be settled.  

The first chemiluminescence signal detected is aligned with the start of the main 

auto-ignition stage (CAD = 3.8 aTDC). It is identified by the bright spots located at the 

edge of the piston bowl, from which they spread out across the combustion chamber as 

shown in CAD = 5.9 aTDC. The flame covers most of the far edges of the combustion 

chamber at the latter parts of the cycle (CAD = 10.7 and CAD 12.1). It is worth to note that 

the flame features with isooctane isobaric combustion is substantially different than n-

heptane (Figure 3.5). Isooctane resides in the combustion chamber for a while before 

combustion, leading to a premixed type of combustion. No form of diffusive interactions 

between spray jets could be seen. 

Even though the study of isooctane isobaric combustion raises questions more than 

addressing answers, it provides good preliminary results to understand the fuel reactivity 

effect on isobaric combustion. It demonstrated the possibility of achieving isobaric 

combustion even with the highly resistant to reaction isooctane. The attractiveness of 

isooctane isobaric combustion lies into enhancing the level of air/fuel mixing for lower 
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soot emissions – a major drawback of n-heptane isobaric combustion. Isooctane isobaric 

combustion is a showcase, unlike n-heptane, of chemical interactions prevailing over the 

physical effect of sprays.  

 

Figure 3.9. Images of the CDC combustion collected through the bottom view of the 

combustion chamber accompanied with the normalized chemiluminescence and RoHR 

3.6 Conclusions  

This study attempts to improve the understanding of the physical interactions and 

chemical effects involved in isobaric combustion with a single injector. Multiple optical 

diagnostic techniques were implemented into a heavy-duty engine to analyze flame 

chemiluminescence, soot distribution and liquid phase penetration. The experimental 

conditions were based on a previous study of isobaric combustion in a metal engine setup 



59 
 

 
 

[9]. The optical analysis assisted to provide justifications to many trends observed in the 

metal engine study. The following conclusions have been drawn:  

 Isobaric combustion is a showcase of an application where physical interactions 

between sprays and the chemical effect of the fuel decide the combustion and 

auto-ignition characteristics.  

 Staged auto-ignition of n-heptane is driven by the physical interactions between 

the spray jets and flame clouds. The latent heat of vaporization of the spray jet 

cools down the combustion chamber environment and hence reduces the 

reactivity.   

 Injecting sprays into a burning flame could yield to a different outcome than 

the one highlighted in the previous point. If the spray jets find available oxygen 

within the combustion chamber, it can give combustion continuity.  

 Mitigation of the spray combustion into flame cloud and the limited expansion 

ratio for post oxidation are important factors to address to limit the soot 

emission of isobaric combustion. The use of either multiple injectors, a fuel 

with low reactivity or a split-cycle are enablers to reduce soot emissions.  

  Isooctane isobaric combustion exhibits two-stage heat release. However, it is 

not apparent whether the split of heat release is chemically or physically driven 

since no chemiluminescence signal was detected for the first stage.  

In this chapter, the multiple injections introduce substantial complexity when analyzing 

auto-ignition. It involves different physical and chemical parameters, which requires the 

assistance of laser diagnostics techniques to dissect them. Therefore, it is worthwhile to 

isolate the effect of multiple injection to reduce the complexity of the problem. For the next 
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chapter, focus will be oriented on the fuel effect in a single injection compression ignition 

engine.    
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Chapter 4  Fuel Effect in Single Injection Compression Ignition (CI) 

Engine 
 

4.1 Introduction 

The previous chapter demonstrated the complexity of multiple injections auto-

ignition. The combination of the fuel’s chemical structure and the physical interactions 

between spray jets determine the auto-ignition characteristics. Optical diagnostic 

techniques were the gateway to dissect such interactions to attribute performance and 

emission trends. However, the physical and chemical interactions do not occur in isolation 

of each other in many cases. This poses a challenge to establish solid conclusions. 

Therefore, it is of the essence to study single injection auto-ignition in compression ignition 

(CI) engine for broader understanding of fuel chemical effect on auto-ignition.  

Refinery-grade fuels for light duty vehicles (LDVs) are identified by two 

parameters: Research Octane Number (RON) and Motor Octane Number (MON). Standard 

test methods, established in the 1920s [1], are followed to define the RON [2] and MON 

[3] of fuels. These scales define the tendency of fuels to knock in spark-ignition (SI) 

engines. In a typical SI engine operation, flame propagates from an ignition source (spark 

plug). Knock is the metallic ringing noise created by the auto-ignition of the fresh air/fuel 

mixture located at the flame end [4]. The produced pressure waves from this abnormal 

phenomenon can lead to severe damages to the piston’s head [5].  

In the RON and MON standard methods, the knock tendency of the tested fuel is 

compared with Primary Reference Fuels (PRFs). PRFs are binary mixtures of two 

paraffinic fuels: n-heptane and isooctane. n-Heptane is a highly-reactive fuel – 

benchmarking the lower boundary of the octane number scale (RON=MON=0). On the 
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contrary, isooctane, with its high resistivity to auto-ignition, is situated at the upper 

boundary of the octane number scale (RON=MON=100). A fuel with RON or MON of 60 

has the same auto-ignition tendency as a blend of 60% isooctane and 40% n-heptane by 

volume, labelled as PRF60. The engine speed and intake air temperature vary between the 

RON and MON tests, representing different driving conditions. While fuels with high 

paraffinic content share similar RON and MON values, other hydrocarbon classes may 

have different values [6]. The difference in the octane numbers is known as the octane 

sensitivity (OS) where OS = RON-MON. Depending on the in-cylinder pressure and 

temperature conditions, fuels with high OS may have high resistivity to auto-ignition as in 

the downsized and turbocharged SI engine [7] or have high reactivity as in the HCCI engine 

[8].  

Several studies investigated the behavior of fuels with different octane qualities at 

various combustion modes. Manente et al. [9] analyzed the performance of nine fuels with 

RON spanning from 20 to 100 in Partially Premixed Combustion (PPC). The study 

concluded that a 70 RON fuel has the right balance between ignition delay time (IDT) for 

enhanced mixing; and sufficient reactivity for low load operation – making it the optimum 

choice for PPC mode. Other studies highlighted similar conclusion as the aforementioned 

[10, 11]. Christensen et al. [12] showed the possibility to run any fuel, regardless of its 

octane number, in homogenous charge compression ignition (HCCI) engine. The enabler 

for such fuel flexibility is the variable compression ratio system. Attaining high efficiencies 

in HCCI engine is limited by knock. Therefore, high octane number fuels enable the 

operation at higher compression ratio. The work in this chapter follows the same theme as 

the aforementioned studies with an emphasis on CI combustion.  
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4.2 Objectives  

The chapter investigates the effect of fuels and relevant engine parameters on the 

operation of different combustion modes driven by auto-ignition. Specifically, the study 

analyzes the sensitivity of compression ignition (CI) engine to the fuel’s octane number, 

compression ratio, level of dilution through internal or external exhaust gas recirculation 

(EGR) and in-cylinder temperature prior to injection. The main focus is to examine the 

effect of fuel’s chemical properties on the combustion characteristics. Therefore, most of 

the experiments were performed with PRFs to isolate the fuel’s physical properties from 

the parameter of interest – octane number. In addition, the study adopts single-injection 

strategy to avoid the physical interactions between spray jets.  

4.3 Experimental Setup  

4.3.1 Volvo Heavy-Duty Engine 

Most of the experiments presented herein were performed in a single-cylinder 

engine test bench at King Abdullah University of Science and Technology (KAUST). The 

experimental setup was built around Volvo D13C500 6-cylinder engine hardware. The test 

bench utilizes only a single cylinder with a 2.13 L displacement volume, in which the gas 

exchange system of the remaining five cylinders were deactivated. A schematic of the 

experimental setup is shown in Figure 4.1.  
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Figure 4.1. Layout of the Volvo D13C500 EUV metal engine. 

The setup incorporates temperature and pressure measuring devices as highlighted 

in the figure. The air fed to the combustion chamber can be heated up to 120 °C. The setup 

has the capability to induce pressure at the exhaust to represent a realistic turbocharger 

operation, ensuring the exhaust pressure is higher than the intake. Exhaust can be 

recirculated back to the intake after being cooled by a heat exchanger (EGR system in 

Figure 4.1). Horiba MEXA-ONE-RS Motor Exhaust Gas Analyzer was used for exhaust 

measurement of CO, CO2, O2, CH4, NO and NO2 alongside with the quantification of EGR 

CO2 in the intake manifold. In addition, AVL micro soot sensor was utilized for the 

measurement of soot concentration. The engine was operated at two compression ratios 

(CRs) of 17:1 and 11.5:1 with different piston geometries being used for each CR. Further 

details about the experimental setup including engine geometry and sensing devices are 

described in these publications [13, 14].  In addition, description of the heat release analysis 

– used to interpret experimental data – is presented in the Appendices.  
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4.3.2 AVL Light-Duty Engine 

Analysis of the effect of internal EGR on the combustion characteristics was 

performed in a single-cylinder light-duty CI engine designed by AVL. Brief description of 

the experimental setup is presented but readers who seek further details about the setup are 

advised to read this publication [15]. The engine has a high compression ratio of 17.3:1 

with a displacement volume of 0.5 L. The intake manifold was incorporated with an 

external air heater. The engine has variable cam phasers that allow the trapping of hot 

residuals. Both intake and exhaust valves can be phased by 56 CAD from the original 

timing. The concentration of exhaust gases (HC, NOx, CO2 and CO) are measured using 

AVL AMA i60 test bench. Similar to the Volvo engine setup, AVL micro soot sensor was 

used to track the soot concentration in the exhaust. Schematic of the AVL light-duty test 

bench is illustrated in Figure 4.2.  

 

Figure 4.2. Schematic of the AVL light-duty CI engine. 



67 
 

 
 

4.3.3 Injector Rate Measurement 

Characterizing the rate of fuel injection can provide valuable information about the 

injector’s hydraulic delay, the mixing period, and the heat release shape [16-18]. For this 

study, the focus is to determine the time lag between the energizing timing of the injector 

and the actual start of injection (SOI) – a parameter commonly known as the hydraulic 

delay. Estimation of the hydraulic delay provides a realistic approximation of the ignition 

delay time (IDT): the time delay (in CAD) between the start of injection and the start of 

heat release. IDT is an essential parameter for fuel characterization, which can be related 

to the octane number scale [19, 20].    

An injection rate rig was constructed on the optical engine setup described in 

Chapter 3 (Volvo heavy-duty engine). The optical components including windows and 

piston-liner assembly was dismounted and replaced by the injection rate rig. Figure 4.3 

illustrates the cylindrical injection rate rig assembly, encompassing the injector nozzle. An 

AVL GU22C piezoelectric pressure sensor was positioned along one of the injector spray 

jets. Quantitative calibration of the injection rate was performed by measuring the total 

weight of the collected fuel during each injector measurement. In order to avoid 

pressurization of the vessel, an open-end pipe exposed to atmospheric pressure was 

installed. Further details about the filtering, pegging, correction from charge leak and 

calibration of the pressure sensor signal can be found in [21].  
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Figure 4.3.Layout of the injection rate rig mounted on the optical setup.  

In a previous study by our research group, Aljohani et al. [21] characterized the 

injector using diesel fuel with a range of rail pressure and injection duration. The results 

are not directly applicable to this study since PRFs are the main fuels used herein. 

Therefore, the injector characterization was extended to include n-heptane so that to 

compare its behavior with diesel fuel. The rail pressure and injector duration were adopted 

from the engine operation cases. Figure 4.4 (a) is an illustrative case of the injector rate 

result, overlapped with the method to calculate the hydraulic delay and actual IDT. The 

hydraulic delay for all the tested cases is shown in Figure 4.4 (b). The sensitivity of the 

hydraulic delay to the rail pressure is apparent. However, the hydraulic delay does not alter 

to great extent between n-heptane and diesel. Therefore, the hydraulic delay average at 

each rail pressure was benchmarked as the base for the uncharacterized fuels used in this 

study (PRF30, PRF70 and PRF100). The average of the hydraulic delay at each injection 

pressure leads to 3.3 CAD at Prail = 700 bar, 3.0 CAD at Prail = 1200 bar, and 2.8 CAD at 

Prail = 1400 bar.   
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Figure 4.4. (a) Exemplary case of the method to determine the hydraulic delay of injector 

and the actual IDT for isooctane burning at intake temperature of 20 DegC and load of 10 

(b) Sensitivity of injector’s hydraulic delay to fuel and rail pressure. 

4.4 Effect of Compression Ratio 

The combustion characteristics have been compared at two engine configurations 

with different compression ratio (17:1 vs. 11.5:1). Since the in-cylinder pressure and 

temperature profiles cannot be matched for engines with different compression ratio, it is 

challenging to establish the same basis of comparison. Therefore, the study included 

different matching methodologies. The first method, which will be covered in the first 

section, is by matching the pressure and temperature inlet conditions. In the next section, 

comparison between 17:1 and 11.5:1 was performed by matching the top dead center 

(TDC) and start of injection (SOI) conditions.  

4.4.1. Matching Intake Conditions  

4.4.1.1. Test Procedure  

The behavior of PRFs; namely PRF0, PRF30, PRF70 and PRF100; was analyzed 

at different engine loads. Table 4.1 summarizes the experimental conditions of this sub-

section. The engine load spans from 5 to 20 bar IMEPNet, from which the intermediate load 

points (10 and 15 bar) share the same motored conditions and rail pressure. The inlet 
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temperature was maintained at 20 °C. Although such temperature condition is not realistic 

in typical engine operation, it allows for better differentiation in the combustion 

characteristics between fuels. Temperature elevation would narrow the difference in IDT, 

which will be discussed in a separate section of this chapter (Section 4.5).   

Table 4.1. Experimental conditions of the compression ratio effect study that shares the 

same inlet conditions. 

IMEPNet [bar] 5 10 15 20 

Pintake [bar] 1.5 2.5 2.5 2.8 

Pmotored [bar] 
CR 17:1 70 120 120 140 

CR 11.5:1 45 75 75 85 

CA50 [aTDC] 5 5 5 10 

Rail Pressure [bar] 700 1200 1200 1400 

Lambda 3.5 3.5 2.1 1.8 

Fuels Tested  PRF0, PRF30, PRF70 and PRF100 

Tintake [°C] 20 

Engine Speed [rpm] 1200 

Pexhaust – Pintake [bar] ~0.2 

 

The combustion phasing where 50% of the heat is released (CA50) was fixed at 5 

CAD after TDC by altering the start of injection (SOI). This CA50, according to 

Leermakers [22], is the best averaged combustion phasing for optimum CI mode 

performance. To avoid excessive pressure rise rates, the CA50 was retarded to 10 CAD 

aTDC for the highest load condition (IMEPNet = 20 bar). Lambda was maintained at 3.5 for 

the 5 and 10 bar IMEPNet cases. Due to the limited air boost levels in the current setup, fuel 

enrichment was needed for higher loads. Throughout the experiment, engine speed was 

fixed at 1200 rpm. To simulate the actual operation of turbocharger that encounters 

pressure drop, the exhaust pressure was maintained at approximately 0.2 bar above the 

intake pressure. 



71 
 

 
 

4.4.1.2. Results and Discussion  

 

Figure 4.5. The RoHR, pressure trace at motored engine operation and injection signal at 

(a) CR 17:1 and (b) CR 11.5:1 with engine load IMEPNet = 5 bar. 

Figure 4.5. compares the rate of heat release (RoHR), motored pressure trace and 

injector signal of (a) CR 17:1 and (b) CR 11.5:1 engine configuration at IMEPNet = 5 bar. 

The deficit in motored pressure is reflected on the difference in the RoHR characteristics. 

At CR 17:1, a spectrum of combustion regime is seen, including conventional diesel 

combustion (CDC) and partially premixed combustion (PPC). PRF0 auto-ignites within a 

short period from the start of injection, releasing initially heat in premixed mode followed 

by diffusion flame. Similarly, PRF30 burns as a typical CI mode with higher peak of in the 

premixed combustion, indicating prolonged time for fuel/air mixing in comparison to 

PRF0. The combustion of PRF70 lies between CDC and PPC: having a substantial 

premixed spike followed by a short diffusion tail in the RoHR. PRF100, which lies at the 

upper boundary of the octane number scale, has enhanced air/fuel mixing, extending 

beyond the end of injection. This creates a sharp rise in the RoHR characterized as typical 

PPC mode.  

At CR 11.5:1, pressure and temperature conditions are moderate so that PRF100 

did not auto-ignite – even when increasing the intake air temperature to 120 °C. Other PRFs 
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show enhanced mixing, pushing them to burn in PPC mode. This has been identified by 

the rapid rise rate of the RoHR without any diffusion tail. Even with the differences in their 

start of injection, the RoHR aligns on top of each other. Opposite trend was observed for 

the 17:1 CR case where they share similar start of injections but widely different RoHR 

characteristics. It is worth to note that PRF70 is the only fuel that exhibit two-stage auto-

ignition. The same observation is shared by Solaka et al. [23] where fuels with long IDT 

have pronounced low temperature heat release (LTHR). To summarize, all fuels burn in 

PPC with the CR 11.5:1 configuration as long as they are ignitable.  

 

Figure 4.6. The RoHR, pressure trace at motored engine operation and injection signal at 

(a) CR 17:1 and (b) CR 11.5:1 with engine load IMEPNet = 20 bar. 

Moving towards the highest tested load (IMEPNet = 20 bar), combustion becomes 

driven mainly by diffusion. The behavior of fuels is plotted in Figure 4.6 for (a) CR 17:1 

and (b) CR 11.5:1. The RoHR of all PRFs aligns on top of each other in the CR 17:1 case 

as if they are virtually indistinguishable. The only noticeable difference is the small 

premixed spike observed for PRF100. However, the premixed spike occupies negligible 

portion in comparison with the diffusion zone. In contrast, conditions are moderate in the 

CR 11.5:1 configuration so that fuels have different levels of fuel/air mixing. The ratio of 

premixed to diffusion combustion correlates with the fuel’s octane number. PRF100 has a 
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pronounced premixed combustion followed by a short diffusion tail. The results highlight 

that there exists a load point with high CR where the engine becomes fuel flexible. The 

extent of fuel flexibility will be examined in terms of other performance parameters.     

 

Figure 4.7. The behavior (a) ignition delay time and (b) gross indicated efficiency with 

respect to CR.  

The IDT and gross indicated efficiency of the analyzed cases with different CRs 

are presented in Figure 4.7. There is a direct correlation between the fuel’s octane number 

and the IDT, especially for the CR 11.5:1 configuration with low temperature and pressure 

conditions. The IDT decays abruptly as the engine load is increased – where high octane 

number fuels experience the steepest decay. At IMEPNet = 20 bar, fuels have negligible 

differences in IDT in the CR 17:1 configuration. The extent of IDT match between fuels 

has not been observed for the CR 11.5:1 with a difference of 4 CAD between PRF0 and 

PRF100.  

The gross indicated efficiency follows expected trends. The efficiency rises from a 

minimum point at low loads where the heat released is lower than optimum. The efficiency 

continues to increase with load until heat transfer losses prevail, from which, efficiency 

starts to drop. At the highest tested load, the retard of CA50 from optimum causes further 
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efficiency loss. As expected from the theoretical efficiency of the Otto cycle, the lower CR 

configuration consistently reports lower efficiency than CR 17:1. For the same CR 

configuration, fuels, regardless of their octane number, have the same efficiency at IMEPNet 

= 20 bar. It is an interesting observation – especially for CR 11.5:1 where the RoHR 

characteristics are different (see Figure 4.6 (b)).  

 

Figure 4.8. NOx, unburnt hydrocarbons, CO and soot emissions for CR 17:1 (closed 

symbols) and CR 11.5:1 (open symbols) 

Figure 4.8 shows the NOx, unburnt hydrocarbon (UHC), CO and soot emissions 

from the two tested engine configurations using n-heptane (PRF0) and isooctane (PRF100). 

NOx experiences a rise with load, since the growth of in-cylinder temperature catalyzes 

the mechanism of thermal NOx production. At IMEPNet = 20 bar, the emission analyzer 

reported a drop in NOx concentration because of the retard in the combustion phasing (to 

avoid excessive pressure rise rates) that pushed the main combustion event to lower 

temperatures. Isooctane, which has pronounced PPC combustion from low to intermediate 

loads, has slightly higher NOx emission. This arises from the sharp rise of RoHR that 

results in the production of thermal NOx with no available residual time to decompose NOx 

into N2 and O2. The engine emitted low concentrations of UHC, which is expected from 

typical CI engine with high combustion efficiency. The CO emission for PPC-driven 



75 
 

 
 

combustion is high because of the short burn duration that stands against reducing CO to 

CO2. The cases have overall low soot concentrations for intermediate and high loads. n-

Heptane combustion at IMEPNet = 5 bar and CR 17:1 experience high soot emission 

because of its diffusive nature; accompanied with the low injection pressure that decrease 

the level of fuel atomization. Overall, even though the fuels tested sit at both extremes of 

the octane number scale, they share similar emission characteristics at high loads. 

An important remark that there exists a high-load point where fuels, regardless of 

their octane number, burn as in conventional diesel combustion. It is an important insight 

for the double compression expansion engine (DCEE) concept highlighted in the previous 

chapter. Achieving other than diffusion combustion is not possible with the DCEE concept, 

which is designed to burn fuel at 300 bar.  

4.4.2. Matching TDC and SOI Conditions 

There is an apparent mismatch in the pressure and temperature conditions as the 

fuel enters the combustion chamber when matching the intake conditions of the CR 11.5:1 

and CR 17:1. This resulted in large differences in the combustion characteristics between 

the two configurations. In this section, the effect of matching the top dead center (TDC) 

and the start of injection (SOI) conditions will be examined.   

4.4.2.1. Test Procedure 

The study benchmarked the TDC and SOI conditions of the CR 17:1 configuration 

as the reference cases from which experiments were performed in the CR 11.5:1. The inlet 

conditions were adjusted (in CR 11.5:1 engine) so that they match the TDC and SOI of the 

CR 17:1. The combustion characteristics were analyzed for n-heptane (PRF0) and 

isooctane (PRF100). After running motored experiments while changing the inlet pressure 
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in the CR 11.5:1 case, it was found that an inlet pressure of 2.5 bar will give similar SOI 

and TDC pressure as for the CR 17:1 at IMEPNet = 5 bar. The required temperature 

elevation was calculated using isentropic relations for an ideal gas considering variable 

gamma, estimated from NASA polynomials of air. For IMEPNet = 5 bar, the intake 

temperatures needed are 76 °C and 70 °C to match the TDC and SOI conditions, 

respectively. Figure 4.9 illustrates the motored pressure and temperature traces of the 

CR11.5:1 that matches intake, SOI and TDC conditions of the CR17:1 configuration.  

For IMEPNet = 10 bar, the engine hardware is not capable to provide sufficient boost 

to match neither TDC nor SOI conditions of the CR 17:1. For that, the maximum intake 

boost of 3 bar was selected to represent the SOI match case. This created a 30 bar deficit 

between CR 17:1 (pressure at SOI 110 bar) and CR 11.5:1 (pressure at SOI 82 bar). The 

estimated intake temperature needed to match the SOI of n-heptane and isooctane are 72 

°C and 71 °C, respectively. Other experimental conditions were adopted from the Matching 

Intake Conditions study highlighted in Table 4.1.  

 

Figure 4.9. Motored pressure and temperature traces of the CR 11.5:1 that matches 

intake, SOI and TDC conditions of CR17:1 at IMEPNet = 5 bar.  



77 
 

 
 

 

Figure 4.10. Motored pressure and temperature traces of the CR 11.5:1 that matches 

intake and SOI conditions of CR17:1 at IMEPNet = 10 bar. 

4.4.2.2. Results and Discussion  

The combustion process for the cases with matched pressure and temperature at the 

intake, start of injection (SOI) and top dead center (TDC) is shown in Figure 4.11 for (a) 

IMEPNet = 5 bar and (b) IMEPNet = 10 bar. At IMEPNet = 5 bar, n-Heptane, in the CR 17:1 

configuration, burns in CI mode with extended diffusion portion in the RoHR. However, 

for the same inlet conditions, n-heptane burns in PPC mode at CR 11.5. When the SOI and 

TDC conditions are matched, n-heptane shares similar combustion features as the CR 17:1. 

The only apparent difference is the minor increase in IDT that yielded to higher amplitude 

of the premixed spike. The slower chemistry can be attributed to the higher dilution of air 

caused by intake boost. Lambda is increased substantially from 3.5 in the CR 17:1 to 5.6 

in the CR 11.5:1. While isooctane burns in PPC mode in the CR 17:1 configuration, it 

didn’t burn at CR 11.5 for the same intake conditions. SOI and TDC match cases follow 

CR 17:1 in its burning characteristics. The apparent variation, as highlighted for n-heptane, 

is the retard in the combustion phasing for the CR 11.5 TDC and SOI caused by the 

increased dilution.   
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At IMEPNet = 10 bar, the motored pressure deficit between CR 11.5 SOI match and 

CR 17:1 (Figure 4.10) has minor effect in the combustion characteristics of n-heptane. Both 

cases show an initial premixed spike followed by a diffusion tail. In contrast, there is a 

substantial mismatch between the same cases with isooctane. As reported earlier, isooctane 

burns with substantial diffusive characteristics at CR 17:1 whereas it is burning in PPC 

mode in the SOI match case. It is worthwhile to highlight that the SOI match case has lower 

premixed amplitude with extended combustion duration than the intake match case. This 

is an indicator that if the pressure conditions of SOI were matching CR 17:1 – but this was 

not possible because of experimental setup limitations – the case will have more diffusion 

combustion characterizes.   

 

Figure 4.11. The RoHR for different CRs tested at IMEPNet = (a) 5 bar and (b) 10 bar.  

Overall, matching either SOI and TDC conditions seems to be adequate to 

reproduce the burning characteristics of engines with different CRs. However, there exists 

a slight difference in IDT caused by the increased dilution levels. Fuels with higher 

resistance to auto-ignition experience larger deviations with the TDC and SOI match 

analysis, driven by their extended IDT.  
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4.5 Effect of Intake Air Temperature  

4.5.1. Test Procedure  

The conditions from the “Effect of Compression Ratio: Matching Intake 

Conditions” section at CR 11.5:1 were adopted to study the effect on intake air temperature. 

These conditions are summarized in Table 4.1. In that section, intake air temperature was 

fixed at 20 °C. The analysis has been extended to include temperature of 50 °C and 80 °C. 

Since the increase of temperature causes a reduction in the density of air – leading to a 

decrease in lambda –the intake pressure was increased to maintain the same lambda.  

4.5.2. Results and Discussion  

Figure 4.12 illustrates the RoHR, motored pressure and injector signal of 

experiments performed at IMEPNet = 5 bar with intake air temperature of 50 °C and 80 °C. 

This can be compared with Tintake = 20 °C presented in Figure 4.5 (b). While all of the 

ignitable PRFs burn in PPC mode at Tintake = 20 °C, diffusive features start to appear in the 

RoHR of the low octane number fuels at Tintake = 50 °C. The magnitude of the premixed to 

diffusion portion in the RoHR correlates with the fuel’s octane number. It is worth to note 

the disappearance of PRF70 low temperature heat release (LTHR) with intake air 

temperature elevation. Increasing the temperature to 80 °C causes further extension of the 

RoHR diffusion portion. As highlighted in the Tintake = 50 °C case, the magnitude of the 

ratio of premixed to diffusion portion of RoHR is the lowest for the low octane fuels. 

Conditions are still moderate, even with Tintake = 120 °C, of the low reactivity isooctane to 

burn.  

The effect of intake air temperature at the highest tested load is illustrated in Figure 

4.13. Similar correlations, as highlighted in the IMEPNet = 5 bar cases, have been observed. 
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The ratio of the premixed to diffusion portion of the heat release increases for higher octane 

number fuels. The higher premixed portion highlights enhanced levels of air/fuel mixing – 

enabled by the high IDT of fuels.  The differences between PRFs shrinks at Tintake = 80 °C. 

However, the extent of fuel flexibility, reported in the CR 17:1 configuration (see Figure 

4.6 (a)), has not been replicated.  

 

Figure 4.12. The RoHR, pressure trace at motored engine operation and injection signal 

of PRFs at IMEPNet = 5 bar and TIntake = 50 °C and 80 °C.  

 

Figure 4.13. The RoHR, pressure trace at motored engine operation and injection signal 

of PRFs at IMEPNet = 5 bar and TIntake = 50 °C and 80 °C. 

The change in IDT with intake air temperature for PRFs is shown in Figure 4.14. 

As expected, the increase of either engine load or intake air temperature causes an increase 

in the fuel reactivity, leading to reduction in IDT. High octane number fuels, exhibiting 

PPC combustion features, experience the sharpest decrease in IDT with temperature or load 
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increase. In contrast, PRF0 and PRF30, which exhibit a combustion dominated by 

diffusion, have minimal change in IDT with temperature increase. At IMEPNet = 20 bar, 

the maximum difference in IDT reduces from 4 CAD at Tintake = 20 °C to 3 CAD at Tintake 

= 80 °C. This an additional evidence that even with the temperature increase, the fuel 

flexibility trend observed in CR 17:1 has not been reproduced (see Figure 4.7 (a)).  

 

Figure 4.14. IDT for the PRFs at different engine loads and intake air temperatures.  

 

Figure 4.15. Gross indicated efficiency for the PRFs at different engine loads and intake 

air temperatures.  
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The indicated efficiency with different engine loads and intake air temperatures is 

presented in Figure 4.15. In general, the efficiency increases with load up to a point where 

heat transfer losses prevail. As the intake air temperature is increased, the efficiency drops 

because of increased heat transfer to the cylinder walls. PRF100 sits at the upper boundary 

of the efficiency map, highlighting the correlation between efficiency gain and the increase 

level fuel/air mixing. The results highlight slight discrepancy in the efficiencies of PRFs at 

IMEPNet = 20 bar. This emphasizes that there isn’t such load point where fuels are 

indistinguishable at the CR 11.5:1 configuration.   

4.6 Effect of Dilution  

In this section, the study attempts to understand the sensitivity of fuel’s auto-

ignition on introducing means of dilution. Dilution assists to reduce the oxygen capacity – 

leading to a reduced local flame temperature with higher heat capacity [15]. These are 

ingredients to increase the thermal efficiency of the engine. Two dilution mechanisms were 

studied: dilution from external and internal resources. External dilution was performed by 

the introduction cooled exhaust into the intake into a process formally called exhaust gas 

recirculation (EGR). Internal dilution was attained by trapping residuals through negative 

valve overlap (NVO).  

4.6.1. External Dilution through EGR 

EGR is considered one of the techniques that introduce quality dilution to the 

combustion chamber. The redirected and cooled combustion products act to cool the in-

cylinder temperature. This leads to reducing the heat transfer losses to the cylinder walls.  
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4.6.1.1. Test Procedure  

The sensitivity of n-heptane and isooctane to EGR has been examined in the CR 

17:1 configuration of the Volvo heavy-duty engine. It is the configuration with fuel 

flexibility features at high engine loads (refer to Figure 4.6 (a)). Therefore, it is of interest 

to examine the extent of fuel flexibility with EGR introduction. EGR was introduced to the 

same conditions highlighted in Table 4.1. It should be noted that the injection phasing 

(SOI) and duration were maintained as the 0% EGR case. This may cause a delay in the 

CA50 (combustion phasing where 50% of the heat is released) beyond optimum when 

introducing EGR. However, the focus of this study is not to optimize the engine operation 

but to understand the sensitivity of fuel’s octane number and combustion characteristics to 

EGR.  

4.6.1.2. Results and Discussion  

The pressure, RoHR and injector signal of n-heptane and isooctane combustion 

with the introduction of various EGR concentrations at (a) IMEPNet = 5 bar and (b) IMEPNet 

= 20 bar are presented in Figure 4.16. At IMEPNet = 5 bar, n-heptane burns in diffusion 

mode with a slight premixed spike without dilution. The introduction of EGR causes 

minimal retard in the combustion phasing accompanied with an increase in the premixed 

portion peak. The minor effect is also reflected on the pressure trace where it has been 

shifted to later phasing with EGR. There is a slight drop in the pressure peak caused by the 

low pressure EGR as it travels around the pipelines. Isooctane, which burns in PPC mode, 

has higher sensitivity to EGR. This is identified by the retard in combustion phasing even 

with minor EGR percentages. Isooctane experiences even higher drop in peak in-cylinder 

pressure with EGR.  
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At IMEPNet = 20 bar, EGR has a marginal effect in altering the combustion 

characteristics for both fuels – driven mainly by diffusion. The only noticeable effect is the 

small retard of the very small premixed zone of isooctane. In addition, EGR reduces the 

peak in-cylinder pressure as highlighted in lower loads. Overall, EGR plays marginal role 

in altering the combustion characteristics when it is driven by diffusion. The heterogeneity 

of conventional diesel combustion acts as a main hurdle for dilution to have substantial 

role. 

 

Figure 4.16. Pressure, RoHR and injection signal of PRF0 and PRF100 with EGR 

percentages at (a) IMEPNet = 5 bar and (b) IMEPNet = 20 bar.  

Figure 4.17 illustrates the effect of EGR on (a) the ignition delay time and (b) 

combustion duration. The combustion duration is an important parameter that provide 

insight about the time available to reduce intermediates. It is defined in this study as the 

difference between the CAD where 90% and 10% of the heat is released i.e. CA90 – CA10. 

Feeding cooled EGR reduces the reactivity – reflected on the increased IDT in all cases. 

However, the extent of reactivity hindrance depends on the fuel’s octane number and 

engine load. At low loads, isooctane, with its pronounced PPC combustion, experiences 

steeper change in IDT with EGR. The increased residual time of the low reactivity fuel 

allows for the diluted charge to reduce reactivity even further. When the burning of both 
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fuels becomes diffusion driven at higher loads, the short transient time of fuel particles 

reduces the capability of EGR to hinder the reactivity. Therefore, the sensitivity of EGR to 

change the IDT becomes moderate at IMEPNet = 20 bar for both fuels.  

The combustion duration increases for all cases as EGR acts as reactivity inhibitor. 

The only exception is when isooctane has apparent PPC burning characteristics at IMEPNet 

= 5 bar. The combustion duration decreases slightly as the EGR is fed to the combustion 

chamber. This may arise due to the excessive retard in the combustion phasing with EGR 

where the pressure and temperature conditions become so moderate – leading to potentially 

poor combustion efficiency.  

 

Figure 4.17. The effect of EGR on (a) IDT and (b) combustion duration of PRF0 and 

PRF100 at various engine loads.   

Figure 4.18 demonstrates the effect of EGR on the gross indicated efficiency of n-

heptane and isooctane at various loads. It should be noted that the SOI has been fixed at 

the one used for 0% EGR and this resulted in retarding the combustion phasing from 

optimum with EGR, especially for fuels with apparent PPC combustion. The 

aforementioned effect competes with the advantage that EGR brings: cooling the in-

cylinder temperature for lower heat transfer losses. The efficiency drops steeply for cases 
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that experience substantial changes in IDT. This is exemplified in the isooctane case at 

IMEPNet = 5 bar where efficiency drops from 48% to lower than 46% with slight addition 

of EGR. In contrast, n-heptane foresees the advantage of EGR with the slight increase in 

the efficiency. Similar trends as the aforementioned for n-heptane and isooctane were 

reported at intermediate loads (IMEPNet = 10 and 15 bar). Efficiency drop with EGR 

becomes to the same extent for both fuels at IMEPNet = 20 bar where they have diffusion-

driven combustion.  

From the EGR analysis, EGR has pronounced effect on PPC-driven conditions 

because of the long transient time of the fuel inside the engine cylinder. It highlights that 

not even EGR can make fuels with different octane quality distinguishable at high loads 

and CR. The introduction of EGR should be combined with the appropriate advancement 

of SOI to attain the desired efficiency gain.  

 

Figure 4.18. The effect of EGR on gross indicated efficiency of PRF0 and PRF100 at 

different loads. 

4.6.2.  Internal Dilution through NVO 

During the gas exchange segment of the engine cycle, the piston pushes out burnt 

charge through the exhaust valve. In a typical light-duty engine, the exhaust valve remains 
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open even through the early parts of the intake stroke, to ensure purging out of residuals. 

Therefore, both exhaust and intake valves remain open in parts of the gas exchange process: 

a process commonly known as positive valve overlap (PVO). However, if the closure of 

the exhaust valve is phased earlier, some residuals will remain in the combustion chamber 

for the next combustion cycle. These residuals introduce means of dilution: a process 

known as negative valve overlap (NVO). In this section, the capability of NVO to achieve 

stable auto-ignition of high octane number gasoline at low loads will be studied. 

 

4.6.2.1. Test Procedure  

Unlike previous sections of this chapter, the light-duty single cylinder AVL engine 

was used. Gasoline with RON 91 has been selected to represent a low reactivity fuel with 

ignitibility issues at low load PPC and HCCI. The engine was operated at an idle speed of 

800 rpm. Different fuel quantities were fed to the engine, corresponding to loads that range 

from IMEPNet = 1 to 3 bar. The fuel mass is quantified by a parameter used in the engine 

community: fuel mean effective pressure (FuelMEP). It is defined as the fuel energy added 

per cycle normalized by the displacement volume. The conditions studied were FuelMEP 

range of 6 to 9 bar. The CA50 for all cases is held constant at 3 CAD aTDC. This has been 

achieved by controlling the intake air temperature for the desired combustion phasing. The 

intake air pressure was maintained at ambient level of 1 bar. Fuel was injected into the 

cylinder at a pressure of 300 bar. The start of injection (SOI) was fixed at -180 and -30 

CAD aTDC for HCCI and PPC mode, respectively. Lambda varies depending the valve 

settings and engine load. The coefficient of variance (CoV) in the IMEP was maintained 

below 5% in all experiments.  
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The engine is equipped with variable valve train system capable of phasing both 

inlet and exhaust valves 56 CAD from the original timing. The default valve settings are 

intake opening at -10 CAD aTDC and exhaust closing at 10 CAD aTDC. This leaves 20 

CAD of valve overlap, and hence this case has been labelled in this study as NVO = -20 

CAD. For the NVO cases (positive values), only exhaust cam phasing is adjusted to close 

exhaust valve early in the cycle – enabling the trap of hot residual gases. The exhaust valve 

closure (EVC) is phased to -20 CAD aTDC (NVO = 10 CAD) and -40 CAD aTDC (NVO 

= 30 CAD) while keeping the intake valve opening (IVO) at -10 CAD aTDC. Figure 4.19 

is an illustrative schematic of the three valve settings examined.   

Changing the phase of exhaust without the intake leads to recompression of hot 

residuals in the exhaust stroke, as illustrated in the motored pressure trace of NVO = 30 

CAD (Figure 4.20). This causes a drop in efficiency because the compressed residuals do 

not undergo expansion. The advantage of maintaining the same intake phasing is to sustain 

a high volumetric efficiency.  

 

Figure 4.19. Illustration of the inlet and exhaust valve phasing for the negative valve 

overlap cases (IVO: inlet valve opening, EVC: exhaust valve closure).  
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Figure 4.20. Motored pressure trace for the NVO = 30 CAD case showing the 

recompression phase. 

4.6.2.2. Results and Discussion  

Figure 4.21 presents the produced IMEPNet and its corresponding indicated 

efficiency with respect to fuel energy supplied for the NVO cases. A load of IMEPNet = 1 

bar was achieved in both HCCI and PPC modes by trapping the highest amount of residuals 

(NVO = 30 CAD). Such low load operation was not possible with the default valve settings 

(NVO = -20 CAD), as the reduction of FuelMEP yields to high cycle-to-cycle variations 

(high CoV). The high temperature residual gases ameliorate the combustion stability. The 

stable operation at low loads comes at the cost of decreased efficiency. This can be 

attributed to the recompression of residuals during the exhaust stroke – impeding the 

piston’s movement. The negative work has not been compensated through re-expansion by 

delaying the inlet valve phasing. This is reflected by the efficiency trend of NVO = 30 

CAD where it is consistently lower than NVO = -20 CAD at both HCCI and PPC modes. 

At the lowest load, extreme NVO has poor indicated efficiency of 18% for HCCI and 17% 

for PPC.   
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Figure 4.21. The produced IMEPNet and its corresponding indicated efficiency per fuel 

energy supplied for the NVO cases (left figures HCCI and right figures PPC).  

The intake air temperature requirement to maintain the same CA50 reduces with 

more trapped hot residuals. This is reflected on the experimental intake air temperature 

requirements for the examined NVO cases (Figure 4.22). At HCCI mode with low-load 

operation, the required temperature reduces from 160 °C for the default valve settings to 

140 °C with NVO = 30 CAD. The gap reduces when operating in PPC mode to 100 °C at 

NVO = -20 CAD and 90 °C at NVO = 30 CAD. The heterogeneity of PPC combustion 

does not require as much intake heating as HCCI mode. The rich pockets of premixed fuels 

act as precursor for auto-ignition. Overall, the key advantage of NVO strategy highlighted 

in Figure 4.22 is its capability to reduce the temperature requirement to sustain stable 

combustion at low loads.  
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Figure 4.22. Intake air temperature requirements to attain CA50 = 3 CAD aTDC (a) 

HCCI mode and (b) PPC mode.  

Comparison of RoHR for (a) HCCI and (b) PPC mode at the lowest load point 

(FuelMEP = 6 bar) is presented in Figure 4.23. At HCCI mode, the default valve overlap 

(NVO = -20 CAD) and the case with moderate residuals trapped (NVO = 10 CAD) share 

similar RoHR features. However, the active radicals present in the trapped residuals of 

NVO = 30 CAD improves the burning rate. This is translated into the increase in the peak 

heat release rate. Moving to the PPC mode, similar trend is observed but with smaller 

extent. The short residual time of fuel shortens its interactions with active radicals.  

 

Figure 4.23. RoHR for the different valve settings when burning at (a) HCCI mode and 

(b) PPC mode at the lowest load point of FuelMEP = 6 bar.   

Overall, high octane gasoline experiences ignitability issues when running low load 

HCCI and PPC. NVO can assist to achieve stable auto-ignition without the need for 

excessive increase in the intake air temperature. It comes with the cost of efficiency drop 

due to recompression of residual gases during the exhaust stroke. Unlike EGR where it 

reduces the reactivity of the mixture, NVO is dilutive method that incentivizes reactivity 

through its high temperature with presence of active radicals.  
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4.7 Conclusions  

This chapter provides comprehensive analysis to examine the effect of fuel’s octane 

number and relevant engine parameters on the operation of different combustion modes 

driven by auto-ignition. It focuses mainly on examining fuels that represent the boundary 

of the octane number scale: namely primary reference fuels (PRFs). The analysis is limited 

to single-injection fuel auto-ignition to avoid the complexity of physical spray-to-spray 

interactions with multiple injections. The effect of compression ratio, intake air 

temperature and dilution through external and internal residuals were analyzed. From each 

analysis, the following points have been concluded:  

Effect of compression ratio (CR):  

1- As long as the fuel is ignitable, it burns in PPC mode at low load and CR. This 

conclusion even extends to fuels with similar ignition delay time as diesel.  

2- There is a high load point with the high CR configuration where fuels regardless 

of their octane number becomes indistinguishable. It is difficult to achieve a 

combustion mode other than conventional diesel combustion (CI mode). This 

limits the operation of the double compression expansion engine (DCEE) 

concept discussed in the previous chapter to CI mode.  

3- To reproduce the combustion characteristics of fuels in different CRs 

configurations, matching the TDC and SOI conditions are adequate. However, 

the low CR configuration experiences slightly extended ignition delay time 

because of the increased dilution.  
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Effect of intake air temperature:  

1- The extent of fuel flexibility reported in the high CR configuration has not been 

replicated with the lower CR even with high intake temperature increase. This 

presents the limitation of intake air temperature to alter the combustion 

characteristics substantially.  

2- There is a direct correlation between the increase in the intake air temperature 

with the magnitude of diffusion to premixed portion of the rate of heat release.  

Effect of external dilution through exhaust gas recirculation (EGR):  

1- PPC combustion, in comparison with conventional diesel combustion, has 

greater sensitivity to EGR. The increased residual time of the low reactivity fuel 

allows for the diluted charge to reduce reactivity even further.  

2- The heterogeneity of conventional diesel combustion acts as a main hurdle for 

dilution to have a substantial role.  

3- Adaptation of the SOI to achieve optimum combustion phasing is essential to 

extract the most of EGR. EGR can lead to drop the indicated efficiency even 

with its cooling capabilities if the combustion phasing retarded away from 

optimum.  

Effect of internal dilution through negative valve overlap (NVO):  

1- NVO is a mean of dilution that enhances the reactivity of the charge. The high 

temperature and active radials of the residuals assist to initiate combustion.   
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2- NVO can be utilized to address the ignitability issue of high octane number 

gasoline at low load PPC and HCCI operation. Stable operation at idle 

conditions can be achieved without required excessive intake air heating.  

3- The stable low load operation with NVO comes with the cost of efficiency 

drop. The recompressed residuals are not utilized in an additional expansion 

process.  

After analyzing the fuel and engine parameters at extreme and intermediate conditions, it 

is of interest to examine moderate conditions where combustion is driven only by chemical 

kinetics.  
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Chapter 5 Three Stage Auto-ignition in Homogenous Charge 

Compression Ignition (HCCI) Engine 
 

5.1 Introduction 

Predicting the auto-ignition features of fuels may require the dissection of complex 

physical and chemical interactions as in the multiple injection isobaric combustion. At 

extreme conditions, fuels – regardless of their octane number – have the same auto-ignition 

tendency, even with the introduction of cooled exhaust as means of dilution. When 

conditions are liberated from the extreme, the level of premixed to diffusion auto-ignition 

becomes sensitive to fuel’s octane number, intake air temperature and level of dilution. 

Moving towards moderate conditions with high dilution, combustion becomes dominated 

by chemical kinetics, where even the highly reactive n-heptane will have extended ignition 

delay time (IDT). There is emerging evidence that fuels, at these conditions, exhibit 

unusual heat release characteristics where heat is released in three distinctive stages. 

Chemically driven three-stage auto-ignition will be the focal point of this chapter.  

A potential pathway for efficiency gain in internal combustion engines is burning 

lean fuel/air mixture. Lean combustion enables the extension of the knock limit [1], the 

increase in specific heat ratio [2] and the reduction of heat transfer losses [3]. Homogenous 

charge compression ignition (HCCI) is one of the lean engine concepts with a potential to 

reduce pollutant emissions and increase thermal efficiency [4]. However, such concept is 

limited to low-load operation because of: (a) difficulties to control the combustion phasing 

as it depends only on the reactivity of fuel/air mixture [5, 6] and (b) excessive pressure rise 

rate (PRR) that could lead to high knock intensity and noise level [7]. Releasing heat in 



98 
 

 
 

multiple stages can be the key to control the combustion phasing and reduce the PRR of 

the HCCI engine.  

In literature, chemically driven multi-stage auto-ignition is typically associated 

with two-stage heat release – a feature of alkane auto-ignition [5, 8]. Reactivity is initiated 

by a low-temperature heat release (LTHR) stage through the decomposition of highly 

oxygenated intermediates [9]. RO2 radical undergoes intra molecular isomerization to 

create QOOH, which then produces OH radical through multiple oxidization and 

isomerization stages [9]. The explosive nature of the aforementioned pathway is inhibited 

by the conversion of RO2 radical to the more stable olefins and HO2 radical [9]. This 

reaction is the main trigger for alkane’s negative temperature coefficient (NTC) chemistry. 

The second and main auto-ignition event occurs by mainly by these reactions: (a) 

decomposition of H2O2 radical to create two OH radicals, (b) radical chain branching from 

H+O2 and (c) at later stages, conversion of CO to CO2 [9]. These explosive reactions drive 

the system to thermal runway. As the main auto-ignition event has higher contribution in 

terms of absolute heat addition, it is typically categorized as the high-temperature heat 

release (HTHR) stage.  

 

Figure 5.1. Sarathy et al. [10] insight of n-heptane three-stage auto-ignition  
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Sarathy et al. [10] reported an additional third heat release stage in ultra-lean 

combustion of n-heptane/air mixture (equivalence ratio of 0.3) from 0D chemical kinetic 

simulations. They validated the phenomenon through experiments in rapid compression 

machine (RCM). Computational singular perturbation (CSP) analysis was used to develop 

understanding of the three-stage chemistry, by identifying reactions that contribute/inhibit 

the explosive timescale [9, 11]. They concluded that there exists an inhibition mechanism 

of the HTHR stage – causing a delay in the main auto-ignition. H, OH, and HO2 radical 

termination pathways suppress reactivity through: (a) H2O2 + OH→ H2O + HO2, (b) HO2 

+ HO2 → H2O2 + O2 and (c) OH + HO2 → H2O + O2. Figure 5.1 presents the three-stage 

chemistry from Sarathy et al. [10] perspective.  

Other studies in literature reported more than two stages of heat release but are 

qualitatively different from [10]. Some reports a dual phase HTHR with fuels containing 

alkanes and aromatics [12, 13]. The benzyl radicals present in the fuel suppress CO 

oxidation during the HTHR. Another study analyzed the combustion of large n-alkane 

droplet at elevated pressure where it released heat in three-stages [14]. The phenomenon is 

attributed to competition between the NTC of n-alkane and transport losses due to radiation 

and diffusion. Unlike all of the aforementioned studies, the three-stage auto-ignition 

phenomenon, or delayed HTHR, explored in this chapter is driven by the chemical kinetics 

of the fuel.   

 

5.2 Objectives  

This chapter builds on the work done by Sarathy et al. [10] to understand the three-

stage auto-ignition phenomenon, which is seldom reported in literature. Knowledge about 



100 
 

 
 

such unusual heat release characteristic can be valuable to mitigate excessive PRR of the 

HCCI engine. In the first part of the study, extensive chemical kinetic simulations were 

performed in a constant volume adiabatic batch reactor to examine conditions, which three-

stage auto-ignition are observed. The analysis covers various temperature, pressure and 

equivalence ratio conditions induced on fuels with different carbon number and molecular 

structure (normal, branched and cyclic). To understand the influence of the aforementioned 

parameters on the three-stage chemistry, the study utilizes tangential stretching rate (TSR) 

and computational singular perturbation (CSP) analysis. HCCI engine simulations are also 

performed to corroborate the findings observed under batch reactor conditions. The second 

part of the study focuses to provide additional experimental evidence of three-stage auto-

ignition using a flat piston rapid compression machine (RCM). The RCM is equipped with 

an optical access for high-speed acquisition of chemiluminescence. This allows to 

differentiate between heat release driven from chemical kinetics and thermal stratifications. 

Similar to the first study, the influence of fuels, temperature and pressure have been 

examined. To gain further insights into three-stage auto-ignition from experiments, 

detailed chemical kinetic simulations are performed.  

5.3 Insights from TSR and CSP analysis 

5.3.1. Simulation Methodology 

5.3.1.1. Chemical Kinetic Simulations  

The closed adiabatic batch reactor model available in CHEMKIN PRO [15] was 

used for the simulations of hydrocarbon auto-ignition. The simulations allow homogenous 

fuel/air mixture contained in a constant volume vessel to auto-ignite adiabatically under 

pre-defined pressure and temperature conditions. From each simulation case, the 



101 
 

 
 

volumetric heat production rate (HPR) was traced to determine parameters related to the 

multi-stage auto-ignition.  

Since three-stage auto-ignition was first reported with n-heptane [10], it has been 

considered as a baseline case to compare its ignition characteristic with other fuels. The 

presence of three-stage auto-ignition was examined in C4-C7 n-alkanes. The analysis did 

not include n-alkanes with lower carbon number, namely methane, ethane and propane, as 

they have exceedingly long IDT at lean conditions. For the analyzed n-alkanes, Zhang et 

al. [16] n-heptane mechanism has been used, which utilizes updated models for n-pentane 

[17] and n-hexane [18]; and AramcoMech 2.0 base chemistry [19, 20]. The analysis 

extends to include representative fuels for other hydrocarbon classes: namely iso-alkanes 

(2-methylhexane) and cycloalkanes (cyclopentane).  The kinetic models developed by 

Mohamed et al. [21] and Al Rashidi et al. [22] were used to simulate the combustion of 2-

methylhexane and cyclopentane, respectively. The simulations cover temperature of 600 – 

900 K, pressure of 10 – 60 bar and fuel to air equivalence ratio of 0.3 – 1.0.   

As described in [10], chemically-driven three-stage auto-ignition occurs through 

the inhibition of the high temperature heat release (HTHR). Therefore, two parameters 

describing the HTHR stages were extracted from the volumetric HPR, to compare the 

extent of three-stage auto-ignition of fuels at various conditions. These parameters are (a) 

the ignition delay time difference between the third and second heat release stages t* = t3-

t2 and (b) the ratio of peaks of the second to third heat release stages h* = h2/h3. Figure 5.2 

illustrates the method to obtain t* and h* from the volumetric HPR.  
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Figure 5.2. Exemplary case of the volumetric HPR of n-heptane/air mixture at 750 K, 20 

bar and  = 0.3 to calculate h*= h2/h3 and t* = t3 – t2.  

5.3.1.2. Time Scale Analysis 

To understand the reaction pathways controlling the three-stage auto-ignition, 

concepts from both tangential stretching rate (TSR) and computational singular 

perturbation (CSP) have been employed. TSR has the capability to extract the most active 

modes of a dynamical system – identified as slow modes with the highest energy amplitude 

[23-25]. TSR is represented by a value, evaluated by averaging the system eigenvalues then 

normalizing them by weights of the mode amplitudes [24, 26]. It is worth to note that TSR 

can have positive/negative values: representing explosive/contractive nature of the system. 

Studies in literature have demonstrated the capability of the TSR concept to comprehend 

the combustion regime in homogenous reactors, premixed, and non-premixed flames [23, 

26, 27]; and mild combustion [28, 29].  

After identifying representative thermochemical states using TSR, the CSP Slow 

Importance Index for temperature was deployed to find reactions with most contribution 

to the rate of temperature growth [30]. The sign of the Slow Importance Index can indicate 

for an increase or decrease of the rate of temperature change. In simple terms, TSR 
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pinpoints important time instants of the auto-ignition and the CSP Slow Importance Index 

for temperature provides the important reactions for the thermal reactivity of the system. 

The attractiveness of this analysis lies in its low computational cost – as it only requires 

the evaluation of one Jacobian matrix and one Eigen-system per selected time instant. 

Some details about the time scale analysis were included in the Appendices. Interested 

readers are referred to our publication [31] for further details about the determination of 

thermochemical states and system dynamic metrics using the combined TSR-CSP analysis.  

The TSR and CSP metrics are illustrated in the exemplary case of n-heptane/air 

mixture auto-ignition at temperature of 700 K, pressure of 20 bar and equivalence ratio of 

0.3. The mixture exhibits three-stage auto-ignition, identified by the dampening of 

temperature growth at two time instances (0.007s and 0.009s). At each auto-ignition stage, 

TSR undergoes an abrupt change of sign from positive to negative – indicating a transition 

from explosive to contractive mode of the system. The time instants where the TSR reaches 

local maxima and minima at each auto-ignition stage have been labeled as A-B for 1st stage, 

C-D for 2nd stage and E-F for 3rd stage. These time instants represent the highest 

growth/decay of the active dynamics. The CSP Slow Importance Indices have been 

determined at these six time instants.  
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Figure 5.3. Exemplary case of n-heptane auto-ignition at temperature of 700 K, pressure 

of 20 bar and equivalence ratio of 0.3. The figure includes the evolution of the following 

parameters with time: temperature in black, the mass fraction of carbon monoxide (CO) 

in blue, eigenvalues with positive real part in green and negative real part in grey, and 

TSR parameter in red.   

Table 5.1. Summary of cases analyzed in the combined TSR-CSP analysis 

 Case # Components Mechanism ϕ 
T 

[K] 
P 

[bar] 

Baseline 1 n-Heptane Zhang et al. [43] 0.3 800 20 

Variation of the 

initial 

conditions 

2 n-Heptane Zhang et al. [43] 0.3 700 20 

3 n-Heptane Zhang et al. [43] 0.3 800 10 

4 n-Heptane Zhang et al. [43] 0.4 800 20 

Variation of n-

alkanes chain 

length 

5 n-Hexane Zhang et al. [43] 0.3 800 20 

6 n-Pentane Zhang et al. [43] 0.3 800 20 

7 n-Butane Zhang et al. [43] 0.3 800 20 

Other classes of 

hydrocarbons 

8 
2-

Methylhexane 
Mohamed et al. 

[49] 
0.3 800 20 

9 Cyclopentane 
AlRashidi et al. 

[48] 
0.3 800 20 
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The time scale analysis was performed on nine different case studies to compare the 

reaction pathways controlling the three-stage auto-ignition. The cases are lumped in 

different themes representing the examined parameters: (i) variation of the initial 

conditions (temperature, pressure and equivalence ratio), (ii) variation of n-alkane chain 

length, and (iii) variation of molecular structure (cyclisation and substitution). Each case 

study has been compared with a baseline case of n-heptane/air auto-ignition at T 

= 800 K and P = 20 bar. Table 5.1 summarizes the cases examined in the time scale 

analysis.   

5.3.1.3. Homogenous Charge Compression Ignition (HCCI) Engine Simulations  

Simulating combustion in a closed homogenous batch reactor is not representative 

of transient devices such as an internal combustion engine. Unlike a constant volume batch 

reactor, volume varies with time in such devices. Therefore, the pre-defined model for a 

Homogeneous Charge Compression Ignition (HCCI) engine within CHEMKIN PRO was 

utilized to explore the presence of three-stage heat release in practical combustion devices. 

The HCCI model is a zero dimensional single-zone adiabatic model with boundary 

conditions based on the CHEMKIN PRO HCCI Engine Tutorial [15] using real data from 

a single-cylinder HCCI “test engine”. The engine specifications were inspired by the “test 

engine” with minor modifications to lower compression ratio and engine speed. Table 5.2 

compares the engine specifications of the “test engine” to those used in the present 

simulations, which are closer to those of cooperative fuels research (CFR) engine operating 

in RON-like HCCI mode [32].  

Table 5.2. HCCI engine specifications at standard case from [15] and from simulations 
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 Test Engine [15] Simulations 

Compression ratio 16.5 12.1 

Swept volume 1601 cm3 611.7 cm3 

Clearance volume  103.3 cm3 58.3 cm3 

Ratio of connecting rod to crank 

radius  
3.714 4.479 

Piston bore 12.1 cm 8.255 cm 

Stroke 14.0 cm 11.43 cm 

Engine speed 1000 rpm 600 rpm 

 

 

 

5.3.2. Results and Discussion   

5.3.2.1. n-Heptane Ignition  

In this section, the effect of initial conditions (temperature, pressure and 

equivalence ratio) on the prominence of three-stage auto-ignition will be presented. Then, 

results from time scale analysis and HCCI engine simulations will be discussed. 

Figure 5.4. traces the change in t* and h* while varying (a) initial temperature, (b) 

initial pressure and (c) fuel/air equivalence ratio. Regardless of the defined pressure and 

equivalence ratio values, both of the IDT difference (t*) and the HTHR ratio (h*) 

experience decrease with temperature increase. The increase of temperature weakens the 

contribution of radical termination pathways – driving the system for thermal runway. This 

will be discussed in detail in the time scale analysis. Unlike the temperature effect analysis, 

the increase of pressure causes an increase in the relative magnitude of the second to third 

heat release stage. This causes an increase in h* magnitude with respect to pressure. The 

time delay between the HTHR stages (t*) remain insensitive to initial pressure, although 
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the overall IDT reduces with pressure increase. Fuel enrichment (i.e. increasing 

equivalence ratio) has the strongest effect to suppress the three-stage auto-ignition. Both t* 

and h* experience exponential drop in their magnitudes with the increase of equivalence 

ratio. This highlights that three-stage auto-ignition is a feature of lean auto-ignition of fuels. 

The availability of free radicals with fuel enrichment drives the explosive nature of the 

system at the HTHR.  

It is worthwhile to note the increase of pressure extends the fuel enrichment limit 

of three-stage auto-ignition. At P = 10 bar, n-heptane exhibits three-stage auto-ignition up 

to equivalence ratio of 0.5. This is extended to equivalence ratio of 0.8 at P = 30 bar. To 

summarize, three-stage auto-ignition of n-heptane is prominent with lean mixtures having 

equivalence ratio of 0.3-0.4 and low initial temperatures of 600-750 K. The phenomenon 

is present for all pressure levels tested herein (10-60 bar).  

 

Figure 5.4. Temperature, pressure and effect on HTHR time delay difference (t*) and 

HTHR ratio (h*) at (a) pressure of 30 bar and  of 0.3; (b) temperature of 600 K and  
of 0.3; and (c) temperature of 600 K and pressure of 30 bar.  

The effect of initial conditions on the three-stage auto-ignition chemistry is 

analyzed using time-scale analysis. Starting from a baseline case (Case #1 in Table 5.1), 
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three additional cases were examined by perturbing the initial temperature (Case #2), initial 

pressure (Case #3) and equivalence ratio (Case #4). The contribution of important reactions 

has been analyzed at two points per heat release stage, one representative of the local TSR 

maxima (explosive) and the other of the local TSR minima (contractive). These points are 

highlighted in Figure 5.3 as Points A-B for the first stage and Points C-D and E-F for the 

second and third stages, respectively.  

The reactions that contribute to the first heat release stage (Points A and B) follows 

that of typical LTHR. Reactivity is driven by three main classes of reaction: second oxygen 

addition via QOOH+O2=O2QOOH, ketohydroperoxide (KHP) decomposition and H-

atom abstraction. The contribution of QOOH+O2 reactions prevail at the start of the first 

stage but then KHP decomposition becomes the dominant driver of reactivity. H-atom 

abstraction has an alternating effect where it can act as reactivity promoter or inhibitor 

depending on the H-atom location. Comparison of the contributions of the aforementioned 

reactions with initial conditions is discussed further in our publication [31].   

Moving towards the explosive region of the second heat release stage (Point C), 

similar reaction palette as highlighted by Sarathy et al. [10] has been observed. The 

contribution of these reactions is demonstrated in Figure 5.5 (a). The decomposition of 

H2O2 is the main driver of reactivity, contributing for more than 25% of the system 

reactivity for all cases. Increasing the equivalence ratio or reducing either the initial 

pressure or temperature result in the reduction of H2O2 = 2OH contribution. Reactivity is 

inhibited mainly by the recombination of H+O2 = HO2. The increase of initial temperature 

causes an increase in the negative contribution of H+O2 – but not to the same extent as the 

positive increase of H2O2 decomposition. Thus, the increase of initial temperature yields 
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to higher net explosive contribution, reducing the prominence of three-stage auto-ignition. 

The two explosive reactions: C2H4+OH=C2H3+H2O and O2+H=O+OH, have similar 

positive contributions in the four cases. Reaction CH2O+OH=HCO+H2O acts as reactivity 

inhibitor for all the cases except for low intake temperature case where its effect is 

negligible.  

 

Figure 5.5. Combined TSR-CSP analysis parameter at the second auto-ignition stage (a) 

Explosive zone with positive TSR (Point C) and (b) Contractive zone with negative TSR 

(Point D).  

The important reactions controlling the contractive region of the second heat release 

stage (Point D) are maintained as the ones highlighted in Point C, albeit with different 

contributions (Figure 5.5 (b)). The decomposition of H2O2 to OH radicals maintains its 

dominance for all cases but reduces in contribution compared to Point C. The only 

exception to this trend is the increase in the significance of H2O2 decomposition when 

lowering the intake temperature. Reaction H+O2=HO2 retains its significance as the main 

reactivity inhibitor with increasing negative magnitude compared to Point C. Reaction 

O2+H=O+OH becomes of higher significance at later stages of second heat release stage.  

Figure 5.6 highlights the contribution of important reactions at the (a) explosive 

(Point E) and (b) contractive (Point F) regions of the third auto-ignition stage. The 

(a) (b) 



110 
 

 
 

contribution of the inhibiting reaction H+O2=HO2 continues its growth from the earlier 

stage until it prevails at Point E. Similar growth, but with positive sign, is experienced with 

the explosive O2+H=O+OH reaction. For each case, both reactions share similar, but 

opposite sign, contributions. The main difference between the analyzed case studies arises 

from the radical termination reaction OH+HO2=H2O+O2. Lowering the intake 

temperature causes an increase in the negative contribution of OH+HO2=H2O+O2. 

Opposite trend to the aforementioned was observed with fuel enrichment – driving the 

mixture for thermal runaway. Heat released from CO-to-CO2 oxidation accounts for 10-

15% of the overall contribution for all cases. At the inhibition region of the third stage 

(Point F), CO oxidation becomes the commanding reactivity promoter. In fact, there is a 

correlation between the contribution CO oxidation reaction and the temperature of the 

cases at Point F. Reaction H+O2=HO2 retains its controllability as the main reactivity 

inhibitor, especially for cases exist at lower temperatures (Baseline and Low T).  

In summary, the first auto-ignition stage follows that of typical LTHR. The fate of 

auto-ignition is controlled by these classes of reactions: KHP decomposition, 

QOOH+O2=O2QOOH and H atom abstraction. The decomposition of H2O2 radical 

supplies substantial amounts of OH radicals, that drive the system to explosiveness. The 

importance of H2O2 decomposition prevails with pressure rise – justifying the increase in 

the second to third heat release magnitude (h*) highlighted in Figure 5.4 (b). The inhibiting 

reaction H+O2=HO2 progressively increases in importance through the HTHR stages. Its 

contribution increases with higher initial pressure, leading to more pronounced three-stage 

auto-ignition. The main reactivity drivers at the third heat release stages are O2+H=O+OH 

at earlier phases then controlled by CO-to-CO2 oxidation. With the increase of initial 
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temperature and equivalence ratio, the aforementioned reactions cause the rapid depletion 

of the HTHR ratio h* (Figure 5.4 (a) and (c)). There exists a correlation between the value 

of t* and the system temperature at Points C-F, in which t* reduces with temperature 

increase, as expected.  

 

Figure 5.6. Combined TSR-CSP analysis parameter at the third auto-ignition stage (a) 

Explosive zone with positive TSR (Point E) and (b) Contractive zone with negative TSR 

(Point F).  

The presence of three stage heat release was explored further in less ideal 

combustion vessel. The HCCI model embedded in CHEMKIN PRO has been utilized to 

simulate engine operation. The air fed to the engine is at T = 300 K and slightly boosted 

from ambient at P = 1.05 bar to burn n-heptane/air mixture at equivalence ratio of 0.3. 

Figure 5.7 shows the simulation results represented by the heat release rate; profiles of 

CO2, CO and H2; and the combustion efficiency. As illustrated, three stage ignition is not 

just limited to constant volume applications but exists even when the air/fuel mixture 

undergoes an incremental increase in the temperature and pressure. An interesting 

observation was if hypothetically the chemistry was terminated by the end of the second 

stage, this yields to a local maxima of CO and H2 with low CO2 trace and combustion 

efficiency of 47%. Therefore, quenching the reactivity of the mixture by the end of the 

(a) (b) 
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second heat release stage can eliminate the production of CO2 while producing a reactive 

H2 and CO mixture with moderate overall combustion efficiency. This triggered our 

interest to file a patent application [33] to present three-stage auto-ignition as a method to 

create an engine with near-zero CO2 emissions.   

 

Figure 5.7. HCCI simulations of n-heptane combustion at CR of 12.1.  

5.3.2.2. Sensitivity to n-Alkanes Chain Length  

 

Figure 5.8. Pressure and temperature effect on HTHR time delay difference (t*) and 

HTHR ratio (h*) at equivalence ratio of 0.3 for n-alkanes with carbon number of four to 

seven.  

Comparison of the auto-ignition characteristics of n-alkanes with shorter chain 

lengths than n-heptane is presented herein. The presence of three-stage auto-ignition has 
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been examined in a 0-D simulation campaign that covers temperatures 600 – 900 K, 

pressures 10 – 60 bar and equivalence ratio of 0.3-1.0. Since the analysis has three 

independent variables, the results were presented in three-dimensional plots by fixing one 

variable and varying the other two. The effect of temperature and pressure on t* and h* 

while fixing the equivalence ratio at 0.3 is shown in Figure 5.8. At low temperature and 

high pressure conditions, the HTHR ratio (h*) peaks for all n-alkanes. n-Butane has 

noticeably higher h* at the peak conditions compared to the others. All fuels share similar 

t* values with a maximum difference of 1 ms when exerting low initial temperature and 

pressure. The effect of equivalence ratio has not been included here but presented in our 

publication [31]. All fuels experience rapid depletion of t* and h* values with fuel 

enrichment. The highest equivalence ratio reported with three-stage auto-ignition for n-

alkanes is ~ 0.5, which occurs at high initial pressure (60 bar) and low temperature (600 

K).  

Time scale analysis can provide, as demonstrated in the n-heptane ignition section, 

valuable insights into the three-stage chemistry. The analysis on C4-C6 n-alkanes was 

performed at temperature 800 K, pressure 20 bar and equivalence ratio 0.3 (Cases 5-7 in 

Table 5.1). Similar reaction classes as the ones presented for n-heptane are driving the first 

stage auto-ignition of the other n-alkanes. At Points A and B, KHP decomposition, 

QOOH+O2=O2QOOH and H-atom abstraction reaction classes drive the first stage 

reactivity. The exact contributions of these reactions are presented in [31].   
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Figure 5.9. Combined TSR-CSP analysis parameter at regions of interest in the HTHR of 

n-alkanes (a) Contractive zone at the second auto-ignition stage with negative TSR (Point 

D) and (b) Explosive zone at the third auto-ignition stage with positive TSR (Point E). 

The main reactions contributing at the inhibitive zone of the second stage (Point D) 

and the explosive zone of the third stage (Point E) are illustrated in Figure 5.9. The 

decomposition of H2O2 radical to produce the highly reactive OH radicals is dominating 

throughout the second auto-ignition stage for all n-alkanes with a contribution of more than 

25%. The other reaction classes are an order of magnitude lower in contribution compared 

to H2O2 decomposition. Reactions O2+H=O+OH and CH2H4+OH=C2H3+H2O 

supplement the role of H2O2 decomposition to promote reactivity. H+O2=HO2 maintains 

itself as the main reactivity inhibitor followed by CH2O+OH=HCO+H2O. Even though 

each n-alkane exists at different temperature condition at Point D, they share similar 

reaction contributions. At the region of TSR maxima in the third heat release stage (Point 

E), the importance of H2O2 decomposition fades away and replaced by reaction 

O2+H=O+OH. The contribution of O2+H=O+OH is more than 25% for all n-alkanes. It is 

matched by the contribution of H+O2=HO2 but with negative sign. It is worth noting the 

correlation between the contribution of O2+H=O+OH and H+O2=HO2 with the 

temperature in which n-alkanes exist.  

(a) (b) 
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To summarize, the time scale analysis highlights similarity in the three-stage 

chemistry of all n-alkanes. This is an expected outcome because of n-alkanes share similar 

t* and h* values at temperature 800 K, pressure 20 bar and equivalence ratio 0.3. There 

isn’t a direct link between the prominence of three-stage auto-ignition and the n-alkane 

chain length. This could be a potential limitation of the chemical kinetic model as it is not 

capturing complex intermolecular interactions.  

5.3.2.3. Ignition of Other Classes of Hydrocarbons 

 

Figure 5.10. Pressure and temperature effect on HTHR time delay difference (t*) and 

HTHR ratio (h*) at equivalence ratio of 0.3 for other hydrocarbons namely: n-heptane, 2-

methylhexane and cyclopentane.   

Similar to the previous analysis, the potential of 2-methylhexane and cyclopentane 

to exhibit three-stage auto-ignition were examined. Three-dimensional trajectory of the 

change in h* and t* with initial temperature and pressure with equivalence ratio of 0.3 is 

shown in Figure 5.10. n-Heptane has the highest h* ratio peak compared to the other 

hydrocarbons, which exists at low temperature and high pressure condition. Among the 

tested hydrocarbons, 2-Methylhexane experience the longest time delay at the HTHR stage 

(t*). The hydrocarbons share similar h* and t* values beyond the peak conditions.   
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Results from the time scale analysis of n-heptane (Case #1 in Table 5.1) has been 

compared with 2-methyhexane (Case #8 in Table 5.1) and cyclopentane (Case #9 in Table 

5.1). New classes of reactions appear at the first auto-ignition stage because of the wide 

differences in the molecular structures of the tested hydrocarbons. However, since n-

heptane and 2-methylhexane are isomers, they share many reaction features controlling the 

LTHR. The main difference is the appearance of HO2+OH=H2O+O2 as main reaction 

inhibitor of 2-methylhexane. Cyclopentane is controlled by these explosive reactions: (a) 

isomerization of OOQOOH and (b) decomposition of carbonyl hydroperoxide. The NTC 

of cyclopentane is driven mainly by the concerted elimination of HO2.  

Most of the molecular structure of the tested hydrocarbons breaks to primary 

molecules and intermediates at the LTHR through pyrolysis. Therefore, the hydrocarbons 

share similar reaction palette driving their HTHR. This is highlighted in where it shows the 

inhibitive region of the second stage (Point D) and the explosive region of the third stage 

(Point E). At the second auto-ignition stage, the contribution of H2O2 decomposition is 

lower for 2-methyhexane and cyclopentane compared to n-heptane. This appears as 

justified decrease because of the lower reactivity of 2-methylhexane and cyclopentane 

compared to n-heptane. For the other reactions, the analyzed hydrocarbons share similar 

explosive/inhibitive contributions. At the explosive region of the third heat release stage 

(Point E), the explosive reaction O2+H=O+OH and inhibitor reaction H+O2=HO2 

maintain their dominance as the main contributors for the hydrocarbons. Although the fuels 

exist at different temperatures, they share very similar reaction contributions.  

This highlights even with major differences in their molecular structures, 

hydrocarbons share the same HTHR characteristics. The differences are apparent only in 
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their LTHR characteristics as fuels undergo various pyrolysis pathways. It should be noted 

that the time scale analysis was performed at conditions where fuels share the same h* and 

t* values (look at Figure 5.10 T = 800 K, P = 20 bar and  = 0.3).  

 

Figure 5.11. Combined TSR-CSP analysis parameter at regions of interest in the HTHR 

of other hydrocarbons namely: n-heptane, 2-methylhexane and cyclopentane (a) 

Contractive zone at the second auto-ignition stage with negative TSR (Point D) and (b) 

Explosive zone at the third auto-ignition stage with positive TSR (Point E). 

5.4 Insights from RCM  

5.4.1. Experimental and Computational Methods  

5.4.1.1. Flat Piston RCM  

The RCM facility from an external collaborator in PPRIME Institute in Poitiers was 

utilized for this study. The RCM has a squared shape cross-section design with 50 mm 

length and a 420 mm stroke. The unusual squared cross-section allows installing flat 

sapphire windows to gain full access of the entire combustion chamber. This has the 

advantage of performing optical diagnostics without correcting images from distortion. 

The air/fuel mixture is compressed via hydraulic system in approximately 35 ms, where 

the charge resides in a cubic volume of 132 cm3 at top dead center (TDC). The evolution 

of in-cylinder pressure was monitored using Kistler 601A piezoelectric pressure 

transducer. Combustion chemiluminescence was recorded using a Photron SA5 CMOS 

(a) (b) 
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camera, operating at a frame rate of 28,000 frames per second. The focal depth of images 

is approximately 2 cm, which is 2/5 of the combustion chamber depth. Further details about 

the RCM and its operation are presented in other studies [34-37].  

The flat piston RCM design encounters substantial interactions between the cold 

shear boundary layer and the core of the combustion chamber, leading to temperature 

heterogeneities [38]. This cautions the use of RCM as idealized reactor for the 

measurement of the chemical delay of fuel’s auto-ignition. Therefore, extensive 

characterization of the internal aerodynamics of the RCM facility in PPRIME institute has 

been performed [39]. Planar laser-induced fluorescence (PLIF) was used to develop a 2-D 

temperature of the RCM [35]. It concludes that up to 48 ms after TDC, one may assume 

adiabatic compression of the charge at the upper areas of the combustion chamber. Another 

investigation performed to measure the core temperature of the RCM using thin-wire 

thermometry [40]. The study demonstrated that the adiabatic core assumption is valid up 

to 70 ms after TDC.  

The auto-ignition of n-heptane, n-hexane and two binary n-heptane/methylcyclohexane 

(MCH) mixtures was investigated. The blending proportions of n-heptane/MCH mixtures 

are 70/30 and 15/85 by volume, labelled in the coming sections as Hep70/MCH30 and 

Hep15/MCH85, respectively. The conditions cover end of compression (EOC) pressure 

(Pc) of 11 and 16 bar and temperature (Tc) range of 700-950K while fixing the fuel/air 

equivalence ratio at 0.4. The molar fraction of O2 was maintained at 16.1% while varying 

the percentage of N2 and AR to attain the desired Tc. Table 5.3 summarizes the conditions 

of the RCM experiments.  

Table 5.3. Summary of the RCM experimental test conditions 



119 
 

 
 

Fuel 

Composition  

(Fuel/O2/N2/AR 

%mol) 

ρ 

(kg/m3) 
Pc 

(bar) 
Tc 

(K) 

Heptane 0.59/16.1/59.65/23.66 9.3 15.7 699 

Hexane 0.68/16.09/59.64/23.59 9.1 15.7 703 

Hep15/MCH85 & 

Hep70/MCH30 
0.6/16.1/59.64/23.66 

9.2 & 

6.5 

15.7 & 

11.2 
700 & 702 

Hep15/MCH85 & 

Hep70/MCH30 
0.6/16.1/43.7/39.6 

9.1 & 

6.5 

15.7 & 

11.2 
743 &740 

Hep15/MCH85 & 

Hep70/MCH30 
0.6/16.1/27.83/55.47 

9.2 & 

6.5 
15.6 & 

11.1 
788 & 790 

Hep15/MCH85 & 

Hep70/MCH30 
0.6/16.1/16.4/66.9 

9.0 & 

6.5 
15.6 & 

11.1 
831 & 829 

Hep15/MCH85 & 

Hep70/MCH30 
0.6/16.1/6.7/76.6 

9.6 & 

6.4 
17.0 & 

11.1 
877 & 868 

Hep15/MCH85 0.6/16.1/0/83.3 
9.2 & 

6.2 
15.5 & 

11.1 
906 & 907 

 

5.4.1.2. Chemical Kinetic Modeling 

The closed homogenous batch reactor model available in CHEMKIN PRO [15] was 

used to gain further insights into the RCM experiments. In order to simulate more 

representative of RCM conditions, variable volume profiles were fed to the model. The 

volume profile was deducted from the pressure traces of non-reactive conditions, ideal gas 

law and isentropic relation:  

  

Where γ is the ratio of specific heats; and T0 and P0 are the initial temperature and 

pressure, respectively. This allows to properly consider the pressure of the compression 

stroke and the heat losses during the non-reactive case.  

Zhang et al. [16] updated kinetic model for n-heptane was used to simulate n-

heptane and n-hexane auto-ignition. The aforementioned mechanism was merged with 
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Bissoonauth et al. [41] MCH’s mechanism for the binary Hep/MCH mixtures. The merging 

was done by unifying the names of species and adopting duplicate reaction rates and 

thermal data from the n-heptane mechanism.  

The experimental and numerical IDT presented in the study is the time 

corresponding to the maximum pressure rise rate (PRR), measured from the end of 

compression.  

5.4.2. Results and Discussion  

5.4.2.1. Three-stage Auto-ignition Observed in RCM 

The auto-ignition characteristics (P, dP/dt and chemiluminescence) of n-heptane 

auto-ignition is presented in Figure 5.12. The upper set of graphs show the trajectory of 

pressure and dP/dt, accompanied with a solid red marker that indicates the time instant at 

which the chemiluminescence below is recorded. The lower image shows intensity profiles 

at the chemiluminescence image central line (dashed red marker in middle). It is apparent 

from the dP/dt profile that n-heptane exhibits three-stage auto-ignition – with an initial 

LTHR followed by two HTHR stages. No chemiluminescence signal has been detected 

before the second auto-ignition stage. A weak signal starts to appear at the upper side of 

the combustion chamber during the second auto-ignition stage. During the third auto-

ignition stage, the intensity grows significantly at the same upper zone of the combustion 

chamber. The first significant chemiluminescence signal at the bottom area has been 

observed after the third auto-ignition stage (t = 7.6 ms). In this area, according to previous 

studies [35, 40], resides cool gases by roll-up vortices. Since the auto-ignition of the colder 

gases occurs beyond the main auto-ignition stage, it can be concluded that the combustion 
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becomes driven by the reaction front propagation regime [42]. This proves that staged auto-

ignition reported herein is a chemically driven phenomenon.  

 

Figure 5.12. Pressure traces and chemiluminescence during a three-stage auto-ignition of 

n-heptane lean diluted mixture at Tc = 700 K and Pc = 16 bar.  

The same test conditions were replicated to examine the presence of multi-stage 

auto-ignition with n-hexane. Figure 5.13 analyzes the features of the HTHR stages. 

Localized chemiluminescence intensities at two different locations are plotted with dP/dt 

at the upper graphs. The chemiluminescence is averaged on a 3x3 mm2 area in an upper 

area (red marker labelled as Chem.1) and lower area (blue marker labelled as Chem.2). 

Similar to n-heptane combustion, n-hexane exhibits three-stage auto-ignition – identified 

by the dual peaks of dP/dt. The zone that burns adiabatically (red marker) has its peak 

chemiluminescence synced with the third auto-ignition stage. The chemiluminescence of 

the cold vortex (blue marker) peaks beyond the third stage and does not induce an 

additional fourth peak in dP/dt. This is another proof that the sequential auto-ignition, 
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shown here, is not driven by thermal stratification. It is mainly driven by the chemical 

kinetics of the fuel.  

 

Figure 5.13. Multi-stage auto-ignition of a lean diluted n-hexane at Tc = 700 K and Pc = 

16 bar.  

5.4.2.2. Insights of Three-stage Auto-ignition from Detailed Chemistry  

In this section, the sensitivity of three-stage auto-ignition to fuel (Hep70/MCH30 

vs. Hep15/MCH85), adiabatic core temperature (Tc = 700 K vs. 750 K), and compression 

pressure (Pc = 16 bar vs. 11 bar) will be presented. Figure 5.14 compares the PRRs obtained 

from simulations and experiments accompanied with profiles of important species. Both 

fuels exhibit three-stage auto-ignition, which is apparent from the experimental and 

numerical PRRs.  The chemical kinetic model reproduces many features of the PRRs. 

However, the numerical predictions are slower than experiments for both fuels – with 

higher deviations shown for Hep15/MCH85. The time gap between the third and second 

stage is narrower for the more reactive Hep70/MCH30. This have implications on the rate 

of depletion of HO2 and CO: important radicals for the HTHR chemistry. HO2 radical 

concentration peaks initially at the first stage auto-ignition, followed by a larger peak 

aligned with the second auto-ignition stage. The rate of depletion of HO2 radical is 
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correlated with the time difference between third and second auto-ignition stages; 

Hep15/MCH85 with wider t3-t2 gap encounters slow reduction of HO2 concentration. The 

concentration of CO peaks just before the third auto-ignition stage. The rate of CO-to-CO2 

conversion follows the same trend as the HO2 radical; Hep70/MCH30 with less 

pronounced three-stage auto-ignition experiences fast oxidation of CO. The highly reactive 

OH radical peaks at the third auto-ignition stage, pushing the system towards thermal 

runaway. Species profiles and their rate of depletion follow that of our previous simulation-

based study [31] and Sarathy et al. [10]. In these studies, the delay in HTHR was attributed 

to these inhibition reactions H+O2 =HO2 and HO2+OH=H2O+O2. They concluded that CO-

to-CO2 oxidation occurs mainly at the start of the third auto-ignition stage.  

 

Figure 5.14. Sensitivity of three-stage auto-ignition to fuel by analyzing Hep70/MCH30 

and Hep15/MCH85 at compression pressure of 16 bar and adiabatic core temperature of 

700K. The upper panel shows dP/dt from experiments and the lower three panels show 

dP/dt and OH, HO2 and CO profiles.  

Similar analysis as the presented one for the fuel effect was implemented to 

examine the sensitivity of three-stage auto-ignition to adiabatic core temperature. Figure 
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5.15 demonstrates the burning characteristics of Hep70/MCH30 at Tc = 700 K and 750 K 

while fixing Pc at 16 bar. Increasing the temperature combines the HTHR stages – leading 

to a less pronounced three-stage auto-ignition. At Tc = 750 K, the second auto-ignition 

stage is barely observed in the experimental dP/dt by a moderate change in slope of the 

main heat release. The simulations predict the time phasing of the first and main auto-

ignition accurately. This has not been the case for the lower adiabatic temperature (Tc = 

700 K) where the chemistry of the kinetic model is slower. The higher Tc case undergoes 

fast depletion in the concentration of HO2 and CO – justifying the fast combustion of the 

high temperature stages.   

 

Figure 5.15. Sensitivity of three-stage auto-ignition to adiabatic core temperature (700 vs. 

750 K) for Hep70/MCH30 at compression pressure of 16 bar. The upper panel shows dP/dt 

from experiments and the lower three panels show dP/dt and OH, HO2 and CO profiles.  

The effect of pressure on three-stage auto-ignition is presented in Figure 5.16, 

where the combustion characteristics of Hep70/MCH30 are compared at Pc = 16 and 11 

bar while fixing Tc at 700 K. Decreasing the pressure reduces to the propensity of fuel to 

exhibit three-stage auto-ignition. This is observed as a moderate change of dP/dt slope at 



125 
 

 
 

the HTHR stage with Pc = 11 bar. From our previous work [31], the ratio of second to third 

heat release (h*) increases with pressure elevation (refer to Figure 5.4(b)). This justifies 

the growth of the second auto-ignition peak in the Pc = 16 bar case. However, there is not 

apparent change in the rate of CO and HO2 depletion. This can be a consequence to the 

incapability of pressure to alter the time difference between HTHR stages – t* remaining 

constant in Figure 5.4 (b). At the lower pressure case, the simulation has good predictability 

of the main heat release even with deviation in the LTHR.  

To summarize, both binary Hep/MCH mixtures exhibit three-stage auto-ignition 

where the phenomenon becomes more pronounced at low temperature and high pressure 

conditions.    

 

Figure 5.16. Sensitivity of three-stage auto-ignition to compression pressure (16 vs. 11 bar) 

for Hep70/MCH30 at adiabatic core temperature of 700 K. The upper panel shows dP/dt 

from experiments and the lower three panels show dP/dt and OH, HO2 and CO profiles.  

5.4.2.3. Ignition delay time  

Figure 5.17 (a) compares the IDT measurements of the main auto-ignition for all 

binary Hep/MCH mixtures against simulations. The model predicts the IDT of 
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Hep70/MCH30 with great accuracy at low temperatures (700-750 K) and both pressure 

levels. When both fuels start to show negative temperature coefficient (NTC) 

characteristics, significant discrepancies have been observed between simulation and 

experiment. This is expected, according to a previous study [35], as the cool areas of the 

RCM start to auto-ignite before the hot zones – leading to thermal stratification. Therefore, 

the flat piston RCM will consistently under-estimate the NTC behavior.  Beyond the NTC 

region (Tc > 825 K), the model has good predictability of the IDT except for the cases 

where the charge ignites during the compression stroke. This is observed with the more 

reactive Hep70/MCH30 at temperatures above 825 K. Overall, the kinetic model has better 

predictability of the positive temperature coefficient (PTC) regions for Hep70/MCH30 

(high n-heptane content) than Hep15/MCH85 (high MCH content). This potentially can be 

attributed to the rigorous development of n-heptane mechanism with wide validation of 

conditions [16]. The results showcase limitations of MCH model [41] at ultra lean 

conditions – warranting further investigation.  

 

Figure 5.17. (a) Total ignition delay time – at the final HTHR stage – for binary 

heptane/methyl-cyclohexane mixtures where closed symbols correspond to experiments, 

open symbols correspond to simulations and the error bars represent the standard deviation 

after repetitive experiments and (b) The ignition delay time of each stage of the three auto-

(a) (b) 



127 
 

 
 

ignition for binary heptane/methyl-cyclohexane mixtures exhibiting three-stage auto-

ignition at compression pressure of 16 bar where closed symbols correspond to 

experiments and open symbols correspond to simulations.  

Examination of each IDT for the cases that exhibit three-stage auto-ignition at Pc = 

16 bar is presented in Figure 5.17 (b). For experimental cases that exhibit three-stage auto-

ignition, the simulations successfully managed to report the same burning characteristics. 

However, the accuracy of IDT prediction depends on the n-heptane content in the mixture. 

Similar trends have been observed as the ones reported in the total IDT (Figure 5.17 (a)) 

for the second heat release stage. Hep15/MCH85, having high MCH content with limited 

kinetic model validation, experiences higher deviations in the second stage compared to 

Hep70/MCH30. The model predicts the time delay of the first auto-ignition stage 

accurately for both fuels. It is worth to point out the substantially lower time difference 

between the third and second stage compared to second and first. This supports our 

argument that three-stage auto-ignition arises from an inhibition mechanism in the HTHR. 

The small difference between t2 and t3 highlights similarities in the second and third auto-

ignition mechanisms.  

5.5 Conclusions  

This work combines CHEMKIN simulations, TSR-CSP analysis and RCM 

experiments to interrogate the three-stage auto-ignition phenomenon: an unusual heat 

release characteristic with limited reporting in literature. The simulations include 0-D 

adiabatic vessel, variable volume RCM and HCCI engine to examine the presence of thee-

stage auto-ignition at various pressure, temperature and equivalence ratio. The combined 

merits from TSR and CSP analysis has the capability to attribute reactions controlling the 

three-stage chemistry. Experiments from the flat piston RCM have been pivotal to solidify 
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trends and conclusions attained fro simulations and TSR-CSP analysis. The study presents 

findings of unreported three-stage in the auto-ignition of fuels other than n-heptane, which 

is the only fuel with confirmed exhibition to thee-stage auto-ignition in [10]. From each 

analysis, the following points have been concluded:  

CHEMKIN simulations and combined TSR-CSP analysis:  

1- n-Heptane exhibits three-stage auto-ignition at lean equivalence ratio of 0.3-0.4 

and low temperature ranging from 600-750 K. The phenomenon is endured for 

all pressure conditions analyzed (up to 60 bar). In fact, the increase of pressure 

extends the fuel enrichment limit where three-stage auto-ignition is present.  

2- Overall, three-stage auto-ignition is pronounced with lean fuel/air mixture, low 

temperature and high pressure conditions. This is reflected on the high values 

of HTHR stages time difference (t*) and ratio (h*).  

3- The important reactions driving three-stage auto-ignition, obtained from the 

combined TSR-CSP analysis, are as follows: The first stage auto-ignition 

follows a typical LTHR chemistry. It is very sensitive to the molecular structure 

of the fuel. Most of the fuel pyrolysis occurs before the second auto-ignition 

stage, beyond which only primary molecules and intermediates remain. The 

reactivity of the second auto-ignition stage is mainly driven by OH radical 

production from H2O2 decomposition. It competes with three major inhibiting 

reactions: H + O2 (+M) => HO2 (+M), CH2O+OH => HCO + H2O and OH + 

HO2 = H2O +O2. The drivers of reactivity, at the third auto-ignition stage, are 

H + O2 => O + OH at early phases followed by CO + OH => CO2 + H. Figure 
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5.18 summarizes the main takeaways about the chemistry of the three-stage 

auto-ignition.  

4- n-Alkanes with shorter carbon chains than n-heptane exhibit three-stage auto-

ignition. However, the study did not highlight solid correlation between the n-

alkane chain length and the prominence of three-stage auto-ignition. This 

highlights the complexity of intermolecular interactions that the chemical 

kinetic model cannot capture. The study demonstrated other hydrocarbon 

classes, namely 2-methylehexane and cyclopentane, to release heat in three 

stages. Although they have high significant differences in the IDTs compared 

to n-heptane, they share similar reaction contributions controlling the HTHR.  

 

Figure 5.18. Three-stage auto-ignition chemistry from the combined TSR-CSP analysis.  

5- Three stage heat release was observed in engine simulations that are tuned to 

operate in HCCI mode. The species profiles were found to match the ones 

obtained from closed homogenous batch reactor simulations as if the driving 

chemistry is the same. The HCCI simulations enlightened for a potential 
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application for three stage heat release. This is to find means of quenching the 

reactivity of the air/fuel mixture by the end of the second stage. This allows 

producing small CO2 trace with a reactive H2 and CO mixture – to be captured 

and utilized in different stage. However, there is a slight compromise of the 

energy converter’s combustion efficiency.    

RCM Experiments:  

1- The chemiluminescence imaging proved that three-stage auto-ignition is driven 

by chemical kinetics. This is because the growth of signal intensity, at a location 

where gases compress adiabatically, correlates with the HTHR. The cold shear 

layer reports apparent chemiluminescence signal beyond the third auto-ignition 

stage.  

2- IDT measurements from the flat piston RCM can be predicted from simulations 

at the positive temperature coefficient (PTC) zones. At the negative temperature 

coefficient (NTC) regions, reactivity is initiated at the colder boundary later, 

driving the combustion characteristics away from homogeneity.  

3- Echoing the same observation from the simulation campaign, three-stage auto-

ignition was found to be more pronounced at lean fuel/air mixtures exerted 

under high pressure and low temperature conditions.  

4- There is the first study that highlights the presence of three-stage auto-ignition 

with a fuel that contains MCH.  

5- The multiple staging of heat release opens the perspectives to overcome the 

limitations of HCCI engine by lowering the PRR.  
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Chapter 6 Summary of Key Findings 
 

6.1 Concluding Remarks 

Tailoring the auto-ignition features is the gateway for optimum internal combustion 

engines. Physical interactions between spray jets can determine the auto-ignition 

characteristics in isobaric combustion. Fuel chemistry becomes irrelevant at extreme 

pressure and temperature conditions – limiting our capabilities to control auto-ignition. 

When exerting ultra-lean conditions to premixed fuel and air, the mixture auto-ignites in 

unusual three distinctive stages: a phenomenon driven by chemical kinetics. Knowledge 

from multiple injection isobaric combustion can be extracted to identify and eliminate soot 

production mechanisms; single injection in compression ignition (CI) engine to determine 

suitable combustion mode for the high-pressure double compression expansion engine 

(DCEE); and three-stage auto-ignition to reduce excessive pressure rise rates associated 

with homogenous charge compression ignition (HCCI) engine.  

Isobaric combustion of highly reactive fuel is driven by the physical interactions 

between spray jets and flame clouds. Injecting sprays into a burning flame could yield to 

different outcomes depending on the oxygen availability: (i) continuation of combustion if 

the spray finds sufficient oxygen or (ii) inhibition of reactivity if the spray enters oxygen-

deprived regions, assisted by the fuel’s latent heat of vaporization that induces cooling 

effect. Burning at the oxygen-deprived regions is an apparent ingredient for soot 

production. Chemiluminescence signal cannot be strictly associated with heat release as it 

can corresponds to soot glowing.  Isobaric combustion with low-reactivity fuels (isooctane 

for this study) exhibit multi-stage auto-ignition. However, it could not be decided whither 

the split of heat release is driven by physical (spray-to-spray interactions) or chemical 
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(negative temperature coefficient) effects. Main attributor for such uncertainty is the lack 

of chemiluminescence signal observed for the first auto-ignition stage.   

Conventional isobaric combustion suffers from high soot emissions due to many 

factors: (i) poor fuel/air mixing (rich fuel pockets without access to oxygen), (ii) late cycle 

burning (low temperature for soot oxidation) and (iii) low expansion ratio (insufficient time 

for soot oxidation). Potential solutions to avoid the excessive soot emission are: (i) use of 

multiple injectors to mitigate fuel injection into rich zones, (ii) use of low reactivity fuel to 

enhance fuel/air mixing, and (iii) use of a split cycle concept, such as DCEE, to give the 

soot more time to oxidize.  

In the single-injection CI engine study, engine operation regions where fuel 

flexibility exists have been reported. At too moderate and too extreme conditions, fuels – 

regardless of their octane number – share similar combustion characteristics. As long as 

the fuel is ignitable, fuels burn in partially premixed mode at low load and low compression 

ratio. Fuels burn as in conventional diesel combustion at high load and high compression 

ratio. Even with the introduction of exhaust gas recirculation (EGR), fuel flexibility holds 

at extreme conditions. Insights from fuel flexibility are relevant to various applications. 

Achieving other than diffusion combustion is not possible with the DCEE concept that is 

designed to burn fuel at 300 bar. In addition, from broader perspective, fuel flexible engines 

can be the answer to increase the share of sustainable fuels in the energy mix. More focus 

can be directed towards designing fuels with low carbon footprint – without being 

restrained by the octane specifications of the engine.   

The study shed light on two dilution mechanisms, each of which has implications 

on auto-ignition. External dilution by introducing cooled exhaust (EGR) reduces the in-
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cylinder temperature – enabler for lower heat transfer losses. Adaptation of the start of 

injection to achieve optimum combustion phasing is essential to extract the most of EGR.  

EGR can lead to drop the indicated efficiency, especially for fuels with long ignition delay 

time, even with its cooling capabilities if the combustion phasing retarded away from 

optimum. The other dilution mechanism is the trapping of hot residuals through negative 

valve overlap (NVO). NVO has the opposite effect of EGR where it incentives the charge 

to burn faster. The study showcased the potential of such technique by ameliorating the 

combustion stability of high octane fuels idle operation. Specifically, NVO can solve 

ignitability issues associated with burning high octane fuels at low load HCCI or PPC.  

 Moving towards moderate conditions with high dilution, combustion becomes 

dominated by chemical kinetics where fuels can exhibit three-stage auto-ignition. The 

study combined zero-dimensional simulations, TSR-CSP analysis and rapid compression 

machine (RCM) experiments to interrogate the three-stage auto-ignition phenomenon with 

seldom reporting in the literature. There exists an inhibition mechanism, during the high 

temperature heat release (HTHR), that hinders the charge from proceeding to thermal 

runaway. This results into a delay in the HTHR stage, leading to an additional third auto-

ignition stage. The first stage auto-ignition follows a typical low-temperature heat release 

chemistry where it is very sensitive to the molecular structure of the fuel. Most of the fuel 

pyrolysis occurs before the second auto-ignition stage, beyond which only primary 

molecules and intermediates remain. This justifies similarities in the three-stage auto-

ignition mechanism of hydrocarbons.  

RCM experiments provided sufficient proof that three-stage auto-ignition is indeed 

a chemical phenomenon in which a delay occurs in the HTHR. The growth of signal 
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intensity, at a location where gases compress adiabatically, correlates with the HTHR. The 

chemiluminescence of the cold vortex peaks beyond the third stage – isolating any 

interference of thermal stratification. Another proof that three-stage auto-ignition arises 

from an inhibition mechanism in the HTHR is the substantially short time delay between 

the third and second (τ3 – τ2) compared to second and first (τ2 – τ1). This highlights 

similarities in the second and third auto-ignition mechanisms.  

Fuels exhibit three-stage auto-ignition at lean equivalence ratio and low 

temperatures. The phenomenon is endured for all pressure conditions analyzed. In fact, the 

increase of pressure extends the fuel enrichment limit in which three-stage auto-ignition is 

present. Knowledge about regions where three-stage auto-ignition is prominent – low 

temperature, high pressure and lean equivalence ratio – can be valuable for various 

applications. One relevant application is to utilize three-stage auto-ignition to reduce the 

high pressure rise rate associated with HCCI engine. Another hypothetical potential is 

creating an engine with near-zero CO2 emissions. This can be attained by quenching the 

reactivity of the mixture by the end of the second heat release stage. By doing so, the 

production of CO2 can be eliminated while producing a reactive H2 and CO mixture with 

moderate overall combustion efficiency.  

6.2 Summary of Key Findings 

1- High soot emission associated with isobaric combustion can be mitigated by 

using multiple injectors, utilizing low reactivity fuel or introducing an 

additional expansion stage.  

2- There exists a load threshold where fuels – regardless of their octane numbers 

– become indistinguishable. This provides freedom of double compression 
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expansion engine (DCEE), which supposed to burn fuels at 300 bar, to use any 

fuel.  

3- Negative valve overlap (NVO) can address the limitation of operating low load 

PPC and HCCI using commercial high octane gasoline. Stable operation at idle 

conditions can be achieved without requiring excessive intake air heating.  

4- Three-stage auto-ignition opens the perspective to overcome the limitation of 

the high-pressure rise rates associated with HCCI engine.  

6.3 Future Work  

As much as the study addresses variety of research questions, it also created more 

of them. I tried in the following list to summarize future work that can cement our 

understandings of auto-ignition:  

1- Perform experimental campaign in the metal engine for isobaric combustion of 

isooctane. This can assist to capture the performance parameters (efficiency and 

emissions) associated with the use of less reactive fuel.  

2- The single injection in CI engine chapter analyzed the effect of various engine 

parameters using primary reference fuels (PRFs). However, these fuels share 

the same octane sensitivity (difference between RON and MON) of zero. 

Recent studies have shown octane sensitivity as pivotal engine parameter for 

advanced engine application. It is worthwhile to replicate the same analysis but 

with sensitive fuels.  

3- Perform a realistic engine operation conditions with exhaust gas recirculation 

(EGR) – by adapting the start of injection for optimum combustion phasing. 
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The study showcased conditions with excessive delay in the combustion 

phasing that yielded to substantial drop in indicated efficiency.  

4- Examine the presence of three-stage auto-ignition in HCCI engine.  
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Chapter 7 Summary of Papers 
 

7.1.Publications Related to the Dissertation 

Paper 1: Optical diagnostics of isooctane and n-heptane isobaric combustion 

A.S. AlRamadan, G. Nyrenstedt, M. Ben Houidi, B. Johansson,  

SAE Technical Paper 2020-01-1126, 2020. 

This publication examines the spray-to-spray interactions of n-heptane isobaric 

combustion using high-speed chemiluminescence imaging in an optical engine setup. This 

study complements a previous work done in a metal engine studying isobaric combustion 

of diesel fuel. The target of this study is to pinpoint the soot production mechanism 

associated with typical isobaric combustion. In addition, the study examines the capability 

of achieving isobaric combustion with the low reactive isooctane. Achieving isobaric 

combustion with a low reactivity fuel can be the gateway to reduce soot emission, as it 

enables enhanced mixing of fuel and air.  

My contribution in this work included setting up the experimental plan to replicate 

conditions from the metal setup, aligning the high-speed camera for appropriate view of 

the combustion chamber, performing the experiments, and post processing of the pressure 

signal and images (filtering + improving exposure). I was supposed to present this work 

at the 2020 SAE World Congress but the event was cancelled due to COVID-19. 

Paper 2: Three-stage auto-ignition of n-heptane and methyl-cyclohexane mixtures at 

lean conditions in a flat piston rapid compression machine 

A.S. AlRamadan, M. Ben Houidi, J. Sotton, M. Bellenoue, B. Johansson, S.M. Sarathy, 

Proceedings of the Combustion Institute 000 (2020) 1-10 
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This publication combines zero-dimensional chemical kinetic simulation and rapid 

compression machine experiment to examine the presence of three-stage auto-ignition in 

n-heptane and methyl-cyclohexane mixtures. The study provides evidence from high-speed 

imaging in rapid compression machine that three-stage auto-ignition is driven by chemical 

kinetics. It also examines the sensitivity of three-stage auto-ignition to methyl-cyclohexane 

concentration, bulk temperature, and compression pressure.  

The rapid compression machine experiment was performed at PPRIME Institute in Poitiers 

without my involvement. I took charge of simulating the rapid compression machine 

conditions to understand three-stage auto-ignition chemistry. I will present this work in 

the upcoming 38th International Symposium on Combustion, which will take place in 

Adelaide, Australia.  

Paper 3: Multi-stage heat release in lean combustion: Insights from coupled 

tangential stretching rate (TSR) and computational singular perturbation (CSP) 

analysis 

A.S. AlRamadan, R. Malpica Galassi, P.P. Ciottoli b, M. Valorani b, S.M. Sarathy 

Combustion and Flame 219 (2020): 242-257.  

This publication performs extensive 0-D chemical kinetic simulations to examine the 

sensitivity of three-stage auto-ignition to fuel, equivalence ratio, temperature and pressure. 

The study employs mathematical models namely, tangential stretching rate (TSR) and 

computational singular perturbation (CSP) to establish better understanding of three-stage 

chemistry.  
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I took charge of performing and interpreting all the chemical kinetic simulations. The TSR 

and CSP analysis was performed by the coauthors from Sapienza University of Rome. I 

worked with them to interpret results from TSR-CSP analysis.  

Paper 4: Understanding multi-stage HCCI combustion caused by thermal 

stratification and chemical three-stage auto-ignition 

M. Ben Houidi, A.S. AlRamadan, J. Sotton, M. Bellenoue, S.M. Sarathy, B. Johansson 

Proceedings of the Combustion Institute 000 (2020) 1-9 

This publication builds upon a well-characterized flat piston rapid compression machine to 

examine whither three-stage auto-ignition is driven by thermal stratification or chemical 

kinetics. Knowledge from the dynamics of three-stage auto-ignition in rapid compression 

machine is couple with 0-D chemical kinetic simulation to solidify observations.  

The rapid compression machine experiment was performed at PPRIME Institute in Poitiers 

without my involvement. I took charge of simulating the rapid compression machine 

conditions to understand three-stage auto-ignition chemistry. The first author, Moez Ben 

Houidi, will present this work in the upcoming 38th International Symposium on 

Combustion, which will take place in Adelaide, Australia.  

Paper 5: Optical Diagnostics on Isobaric Combustion in a Heavy-Duty Engine 

G. Nyrenstedt, Q. Tang, R. Sampath, A. AlRamadan, M. Ben Houidi, E. Cenker, G. 

Magnotti, B. Johansson,  

Submitted in Applied Energy 2020 

The study combines optical diagnostic techniques to interrogate isobaric combustion. The 

optical techniques include high-speed chemiluminescence imaging, high-speed Mie 

scattering imaging, non-reactive fuel-tracer planer laser-induced fluorescence (PLIF) and 

reactive laser-induced incandescence (LII). The aforementioned techniques assist to 
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solidify conclusions regarding the efficiency and emission trends of a previous isobaric 

study in a metal engine setup. 

My contribution in this work included setting up the experimental plan to replicate 

conditions from the metal setup, aligning the high-speed camera for appropriate view of 

the combustion chamber, operating the engine , performing the in-cylinder pressure 

analysis which the laser diagnostics was compared with and post processing of the high-

speed images (filtering + improving exposure). Prof. Magnotti’s students did all of the 

Mie-scattering and laser work (set-up and post processing) in this publication. 

Paper 6: Compression Ratio and Intake Air Temperature Effect on the Fuel 

Flexibility of Compression Ignition Engine 

A.S. AlRamadan, M.B. Houidi, B.S. Aljohani, H. Eid, B. Johansson  

SAE Technical Paper 2019-24-0110, 2019  

This publication analyzes the extent of fuel flexibility at low compression ratio CI engine 

(CR 11.5:1). It compares the combustion characteristics of primary reference fuels (PRFs) 

to a higher compression ratio CI engine (17:1). In addition, the study examines the 

sensitivity of PRFs to intake air temperature.  

My contribution in this publication included planning for the experimental campaign, 

performing the experiments and post processing the majority of experimental data. I 

presented this work in the 14th International Conference on Engines and Vehicles, which 

took place in Capri, Italy.  

Paper 7:  Fuel Flexibility Study of a Compression Ignition Engine at High Loads 

A.S. AlRamadan, M. Ben Houidi, G. Nyrenstedt, B. Johansson  

SAE Technical Paper 2019-32-0168, 2019 
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This publication performs a load sweep of primary reference fuels (PRFs) at high 

compression ratio CI engine (17:1). The study searches for a high-load threshold where 

fuels, regardless of their octane number, share similar combustion characteristic. Hence, 

the engine operating at that load can be considered fuel flexible. In addition, the publication 

analyzes the effect of exhaust gas recirculation (EGR) on the extent of fuel flexibility.  

My contribution in this publication included planning for the experimental campaign, 

performing the experiments and post processing the majority of experimental data. I 

presented this work in the 2019 SAE Powertrains, Fuels and Lubricates Meeting, which 

took place in Capri, Italy.  

Paper 8: Low Load Limit Extension for Gasoline Compression Ignition Using 

Negative Valve Overlap Strategy 

R. Vallinayagam, A.S. AlRamadan, S. Vedharaj, Y. An, J. Sim, J. Chang, and B. Johansson 

SAE Technical Paper 2018-01-0896, 2018. 

This publication attempts to address the issue of using commercial gasoline in either 

partially premixed combustion (PPC) or homogenous charge compression ignition (HCCI) 

engines. The aforementioned combustion modes suffers from ignitability issues at low 

loads due to the low reactivity of commercial gasoline. The study utilizes negative valve 

overlap technique by closing the exhaust valve early during the exhaust stroke. This allows 

trapping hot residuals that can assist to enhance the reactivity of fuel.  

My contribution in this publication included assisting to prepare the experimental setup, 

assembling the tools for valve lift measurement, performing the experiment and post 

processing the emission data. I have also assisted to proofread the publication.  
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7.2.Other Publications by the Author  

Paper 1: Compression Ignition of Low Octane Gasoline under Partially Premixed 

Combustion Mode 

Y. An, M.J.M. Ali, R. Vallinayagam, A.S. AlRamadan, J. Sim, J. Chang, H. Im, and B. 

Johansson,  

SAE Technical Paper 2018-01-1797, 2018.  

This publication utilizes light-duty optical CI engine to study naphtha burning at partially 

premixed combustion mode. The publication couples the experimental results with 

computational fluid dynamic (CFD) simulation to gain further insights into the nature of 

combustion. Specifically, the study analyzes the mixing heterogeneity through a parameter 

called ‘Flame Index’.  

My contribution in this publication included assisting in the setup of the experiment and 

performing it. I have also assisted to proofread the publication.  

Paper 2: Optimization of the octane response of gasoline/ethanol blends 

J. Badra, A.S. AlRamadan, and S.M. Sarathy  

Applied Energy 203 (2017): 778-793. 

This publication provides a blending model to predict the octane response of ethanol when 

blended to gasoline surrogates. The gasolines surrogates include n-heptane, isooctane, 

toluene, n-pentane, iso-pentane, 1,2,4-trimethylbenzene, cyclopentane and 1-hexene. The 

study provides insight into the non-linearity associated with ethanol blending that can be 

useful when designing ethanol-based fuel.  

My contribution to this publication included blending the fuels, developing the blending 

tool and proofread the publication.  

Patent 1: Controlling heat release within an engine cylinder 

S.M. Sarathy, A.S. AlRamadan  
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Filed to US Patent Office, 2018. 

This patent is inspired by three-stage auto-ignition to find means of utilizing this unusual 

heat release characteristic. The idea is to terminate the reactivity at the peak of the second 

auto-ignition stage. This yields to a combustion efficiency of ~ 50%, high concentration of 

the burnable CO and H2, and a reduction of ~ 90% of CO2 emission from peak. Hence, 

three-stage auto-ignition can be potentially utilized for near zero CO2 engine.  

My contribution in this patent application included providing simulation evidence of the 

observation and assisted to write-up the application.  
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Chapter 8 Appendices  
 

8.1.  Isobaric Combustion Chapter Methodology  

Combustion parameters in the optical setup suffer from substantial cycle-to-cycle 

variations, driven by the following factors: high blow-by losses, variation of intake 

conditions, low ratio of fired compared to motored cases and limited operational cycles.  In 

order to extract representative cycles, statistical analysis has been implemented. The results 

were grouped in two categories: (1) Peak pressure of the fired case is higher than motored 

(n-heptane isobaric combustion) and (2) peak pressure of fired and motored cases are 

similar (isooctane isobaric combustion). For the first category, the standard deviation of 

the peak pressure was calculated, from which, cycles with peak pressure lying away from 

the standard deviation are eliminated. Figure 8.1 illustrates the statistical analysis 

performed to extract representative cycles in the first category (n-heptane). For the second 

category where the peak of fired and motored are similar, the standard deviation was 

calculated from the peak after 5.2 CAD aTDC as highlighted in the dashed line of Figure 

8.2. Similar to the first category, cycles with peaks outside the standard deviation 

boundaries have been eliminated.  
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Figure 8.1. Statistical analysis on the n-heptane isobaric case to extract representative 

cycles 

 

Figure 8.2. Statistical analysis on the isooctane isobaric case to extract representative 

cycles 

For both categories, the average of the representative cycles was considered to 

calculate the heat release, bulk temperature and indicated mean effective pressure. In 

addition, the cycle that shares similar peak pressure as the average of the representative 

cycles has been considered for chemiluminescence imaging (solid black line in Figures 8.1 

and 8.2).  

Corrections were implemented to images from the high-speed chemiluminescence 

to eliminate noise and improve the exposure. First, a median filter was applied to each pixel 

of the image, which considers the median value in the pixel’s 3x3 neighborhood. Then, a 

high-pass filter was applied to darken pixels with values less than pre-defined threshold. 

The aforementioned method has been effective to eliminate the background noise. Finally, 

the sensitivity of dark images was enhanced for better image exposure. It is worthwhile to 

note that the calculation of image intensity was performed by averaging the values of 

pixels.  

 



150 
 

 
 

8.2.  Fuel Effect in Single Injection CI Engine Methodology  

Description of the heat release analysis – utilized for interpreting experimental 

results – will be presented herein. Followed by a brief discussion of the uncertainty of the 

Volvo metal engine experiments.  

Engine Geometry: First, the heat release code calculates parameters describing 

engine geometry. These parameters include the displacement volume (Vd) and 

compression volume (Vc):  

𝑽𝒅 =
𝝅 𝑺 𝑩𝟐

𝟒
                          ,                      𝑽𝒄 =

𝑽𝒅

𝑪𝑹 − 𝟏
        

where S is the piston stroke, B is the piston bore, and CR is the compression ratio. 

The trajectory of cylinder volume as a function of crank angle degree (CAD) was calculated 

using the following equation:  

𝑽(𝑪𝑨𝑫) = 𝑽𝒄 +
𝑽𝒅

𝟐
(𝑹𝑪𝑹 + 𝟏 − 𝐜𝐨𝐬(𝑪𝑨𝑫) −

(𝑹𝑪𝑹√𝟏 − (
𝐬𝐢𝐧 (𝑪𝑨𝑫)

𝑹𝑪𝑹
− 𝑶𝒇𝒇𝒔𝒆𝒕)

𝟐

))   

where RCR is the ratio of connecting rod length to crank radius and Offset is the 

offset angle of the crank shaft to the combustion chamber.  

Rate of Heat Release: The rate of heat release was calculated using the following 

equation:  

𝒅𝑸𝒉𝒓

𝒅𝑪𝑨𝑫
=

𝜸

𝜸 − 𝟏
𝒑

𝒅𝑽

𝒅𝑪𝑨𝑫
+

𝟏

𝜸 − 𝟏
𝑽

𝒅𝒑

𝒅𝑪𝑨𝑫
+

𝒅𝑸𝒉𝒕

𝒅𝑪𝑨𝑫
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where γ is the specific heat ratio calculated from the JANAF tables and dQht is the 

heat transfer to engine walls. 

Heat Transfer Losses: Estimation of the heat transfer to engine walls was performed 

using Woschni’s model for heat convection presented in J.B. Heywood’s Internal 

Combustion Engine Fundamentals book (1988):  

𝒅𝑸𝒉𝒕

𝒅𝒕 
= 𝒉𝑨𝒘(𝑻𝒈 − 𝑻𝒘) 

where h is the heat transfer coefficient, Aw is the area of cylinder walls, Tg is bulk 

gas temperature and Tw is the cylinder wall temperature. The heat transfer coefficient varies 

at different CADs by the following equation:  

𝒉[𝑾/𝒎𝟐𝑲] =  𝒒 𝑩[𝒎]−𝟎.𝟐𝒑[𝒂𝒕𝒎]𝟎.𝟖𝑻[𝑲]−𝟎.𝟓𝟓𝒘[𝒎/𝒔]𝟎.𝟖 

where q has a value of 131 for motored cycles and 3.26 for fired cycles. w is the 

average cylinder gas velocity estimated from the following equation:  

𝒘 =  [𝑪𝟏�̅�𝒑 + 𝑪𝟐

𝑽𝒅𝑻𝒓

𝒑𝒓𝑽𝒓

(𝒑 − 𝒑𝒎)] 

where C1 and C2 are constants that vary for motored and fired cycles, Tr and pr are 

the reference temperature and pressure taken from the intake average recorded values, pm 

is the motored pressure.  

Filtering of Pressure Signal: The pressure signal was filtered using Finite impulse 

response (FIR) filter. The used type was a low pass filter with a fourth order. The selected 

frequency edges were  4000 and 10000 under hamming window.  
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Uncertainty of Volvo metal engine experiments: For each reported experimental 

condition, the coefficient of variance (CoV) in the indicated mean effective pressure 

(IMEP) has been maintained below 5%. The low (CoV) brings adequate confidence the 

combustion parameters, including in-cylinder pressure, rate of heat release, combustion 

phasing, etc.  Uncertainty may arise from the fuel mass injected (up to 3%) which could 

affect the indicated efficiency calculations. Overall, error bars from reported engine dataset 

would be small, due to the low cycle-to-cycle variations and the high number of recorded 

cycles (400 cycles for each case).    

8.3.  Three-stage Auto-ignition Chapter Methodology 

The combined computational singular perturbation (CSP) important indices for 

temperature and tangential stretching rate (TSR) was used to identify important reactions 

driving three-stage auto-ignition. The main manuscript presented the evolution of 

temperature, mass fraction and TSR parameter in an exemplary n-heptane three-stage auto-

ignition at ϕ = 0.3, P = 20 bar and T = 700 K (Figure 5.3). Figure 8.3 shows a zoomed-in 

image of each of the three auto-ignition stages. Added to it, the rate of heat release and the 

dimension M of the fast subspace. The temperature profile has five inflection points where 

the second derivate with respect to time equals to zero. The inflection points can be grouped 

in two categories: (Type 1) T’’(t) changes from positive to negative (red hollow circles in 

Figure 8.3) (Type 2) T’’(t) changes from negative to positive (blue hollow circles). There 

is an apparent correlation between the second derivative of temperature with the rate of 

heat release. The rate of heat release reaches a local maxima with inflection points of Type 

1 and a local minima at inflection points of Type 2. Therefore, the number of inflection 

points of Type 1 correlates with the number of heat release stages.  
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Figure 8.3. Zoomed view of each of the three auto-ignition stages observed with n-heptane 

simulation at temperature of 700 K, pressure 20 bar and equivelnce ratio of 0.3. The figure 

includes temperature (black line), eigenvalues with positive and negative real parts (green 

and grey dots respectively), TSR parameter (red line), and rate of heat release (magenta)  

 

TSR experiences a sudden change in sign from positive to negative in close 

proximity of Type 1 inflection point. Specifically, the TSR parameter maximizes (at points 

A, C, and E) before the inflection points of Type 1 and drops to a local minima (at points 

B,D, and F) shortly after the inflection points.  

Regardless of the TSR and T’’(t) sign, the temperature of the mixture continues to 

grow with time. The sign of the aforementioned parameters determine the rate of 

temperature growth. In other words, the sign of TSR corresponds to positive or negative 

the acceleration of temperature growth, which refers to super or sub critical ignition regime.  

From the presented analysis, points of local TSR maxima and minima can be 

considered as representative thermochemical states. At these points, the CSP Slow 

Importance Index for temperature was deployed to find reactions with the most 

contribution to the rate of temperature growth. CSP Index has similar sign convention as 
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the TSR where the positive/negative sign indicate for increase/decrease of the rate of 

temperature growth.  

 


