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Abstract 12 

One approach to enhancing the thermal efficiency of combustion systems is to burn fuels at ultra-lean conditions 13 

(equivalence ratio below 0.5). It has been recently reported that the auto-ignition of some hydrocarbon fuels, under specific 14 

temperature, pressure, and mixture conditions, releases heat in three distinctive stages. The three auto-ignition stages can 15 

be divided as a first low-temperature auto-ignition stage with conventional low temperature, and a high-temperature stage 16 

separated into two sub-stages. This study presents ignition delay time measurements of n-heptane and methyl-cyclohexane 17 

(MCH) mixtures in a flat piston rapid compression machine (RCM) under ultra-lean conditions. It provides experimental 18 

evidence of three-stage auto-ignition. This phenomenon of delayed high-temperature heat release is seldom reported in the 19 

literature and this is the first time to be reported for these types of fuels. The experiments cover two binary n-heptane/MCH 20 

mixtures of 15/85 and 70/30 by volume, pressures of 11 bar and 16 bar, temperature range of 700 to 900 K, and equivalence 21 

ratio of 0.4. The RCM optical access was utilized for high-speed chemiluminescence imaging. Detailed chemical kinetic 22 

simulations in a homogenous batch reactor with variable volume were conducted to further interrogate the three-stage auto-23 

ignition phenomenon. Chemiluminescence shows that three-stage auto-ignition occurs in the adiabatically compressed end-24 

gas, which indicates that this phenomenon is chemically-driven and is not induced by a thermal stratification in the RCM 25 

experiments. The model predicts the features of three-stage auto-ignition, which were experimentally observed at 26 

temperatures approximately below 750 K. As expected, significant discrepancies are observed in the ignition delays of 27 

experiment and simulation in the negative temperature coefficient (NTC) region. The simulation of the n-heptane/MCH 28 

70/30 mixture shows better agreement with experiments in the Positive Temperature Coefficient (PTC) region compared 29 

to the 15/85 mixture. 30 
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1. Introduction 31 

Studying the auto-ignition behavior of fuels is of interest for knock mitigation in spark ignition engines [1]; for 32 

efficiency improvements and emissions reductions in compression ignition engines [2]; and for controlling combustion 33 

phasing and pressure rise rate in homogenous charge compression ignition (HCCI) engines [3, 4]. Fuel ignition quality can 34 

be quantified in idealized reactors, such as the ignition delay time (IDT) obtained from shock tubes (IDT < 4 ms) or rapid 35 

compression machines (RCM) (IDT > 3 ms)  [5]. RCMs are useful to investigate auto-ignition at conditions relevant to 36 

HCCI engine operation, where typically lean and diluted fuel/air mixtures are used [6, 7]. It is well known that the RCM’s 37 

piston-cylinder motion generates thermal stratification by entraining a colder boundary layer inside the chamber. This has 38 

been avoided in some RCMs by trapping these gases in a properly designed piston crevice [8]. Nevertheless, the use of flat 39 

piston RCMs is still of interest as they enable the study of thermo-kinetic interactions [9, 10]. In addition, IDT measured 40 

with such devices can be considered for chemical kinetic studies, as far as the overall auto-ignition is driven by the 41 

combustion of the adiabatically compressed gases [10]. This condition is fulfilled as far as the adiabatic core hypothesis is 42 

still valid and the fuel/air mixture shows a positive temperature coefficient (PTC) behavior [10].  43 

Due to the high volumetric percentage of n-alkanes (40-60%) and cycloalkanes (10-35%) in practical transportation 44 

fuels, there is a growing interest to identify representative surrogates for these hydrocarbon classes [11-13]. n-Heptane and 45 

methyl-cyclohexane (MCH), with their simple molecular structures, are considered as suitable surrogates for the paraffins 46 

and naphthenes in practical fuels [14-17]. Various fundamental studies have been conducted on the oxidation of n-heptane 47 

[18-22], leading to the establishment of several chemical kinetic models [23, 24]. Similarly, detailed kinetic models of 48 

MCH [25-27] have been developed through numerous experimental measurements [28-31] and theoretical calculations 49 

[26, 32]. To the authors’ knowledge, no studies have focused on the auto-ignition n-heptane/MCH blends to investigate 50 

the potential of chemical interactions between linear and cyclic alkanes.  51 

Sarathy et al. [33] recently reported that three-stage heat release exists in lean n-heptane/air combustion by performing 52 

homogenous gas-phase chemical kinetic simulations and RCM experiments. The study utilized computational singular 53 

perturbation (CSP) to identify reactions driving/inhibiting explosive timescales. The study showed that at the second heat 54 

release stage, reactivity is mainly driven by the production of OH radicals from H2O2 decomposition, and then reactivity 55 

is inhibited by the following radical termination pathways: HO2+OH=H2O+O2 and H+O2=HO2. As the system proceeds to 56 

higher temperatures, the reactions of CO-to-CO2 and H+O2=O+OH dominate the third heat release stage. Figure 1 57 

summarizes the key reaction pathways governing the three-stage ignition.  In literature [34-39], the reported phenomena 58 

of more than two stages of heat release are qualitatively different from three-stage heat release reported in [33]. Several 59 

HCCI engine experiments [34-36] have reported intermediate temperature heat release and delayed high-temperature heat 60 

release with multi-component fuels. This was attributed to either the interaction of radical chain branching, propagation, 61 

and termination pathways of alkyl-peroxy [34-36] or the inhibition of CO oxidation due to the presence of benzyl radicals 62 
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[37-39]. It is worth noting that several experimental observations [34-39] of multi-stage heat release are from engines, 63 

wherein thermal stratifications may exist and have influence on the auto-ignition. 64 

 65 

Fig. 1. Summary of key reactions involved in three-stage ignition of n-heptane [33] 66 

In the current study, we build upon previous investigations of three-stage heat release [33] by providing additional 67 

experimental evidence from a flat piston RCM. This phenomenon is identified by analyzing pressure profiles and 68 

chemiluminescence images, which also allows differentiating the chemical kinetic phenomena from potential thermal 69 

stratification effects. The IDT is measured for two binary n-heptane/MCH mixtures at fuel/air equivalence ratio of 0.4 at 70 

two pressure levels (11 and 16 bar) and a wide range of adiabatic core temperatures (Tc). Although the experimental 71 

conditions being investigated are lower in pressure than typical engine operation, they are still useful to provide an initial 72 

insight into a phenomenon that is seldom reported in literature. The experiments are not meant to replicate HCCI conditions, 73 

but to study auto-ignition for many applications including HCCI engines. Detailed chemical kinetic simulations are 74 

performed using a merged n-heptane and MCH mechanisms to compare experimental results and gain further insights into 75 

three-stage auto-ignition.  76 

2. Experimental and computational methods 77 

2.1 Flat piston RCM 78 

Experiments were conducted in the RCM facility at PPRIME Institute in Poitiers. The RCM has a squared cross-section 79 

chamber of 50 x 50 mm and a stroke of 420 mm. In its current configuration, the compression time is approximately 35 80 

ms and the chamber has a cubic volume of 132 cm3 at the top dead center (TDC). The in-cylinder pressure was measured 81 

using a Kistler 601A piezoelectric transducer sampled at 100 kHz. The RCM is equipped with sapphire windows that allow 82 

optical access to the entire volume at TDC. Chemiluminescence was recorded using a Photron SA5 CMOS camera focused 83 

on the central plane with a field depth of approximately 2 cm (2/5 of the combustion chamber depth). The acquisition of 84 

the 2D images, integrating chemiluminescence in the line of sight, was obtained at a frame rate of 28 k-fps without using 85 

any filters. More details on the operation of the RCM can be found in [7, 10, 40, 41]. 86 

A flat piston is used in all the experiments of the current study. This configuration is known to generate temperature 87 

heterogeneities as the cold shear layer penetrates the core of the combustion chamber [8]. Thermal stratification within this 88 

device has been extensively studied using quantitative toluene planar laser-induced fluorescence (PLIF) [10, 42] and thin-89 
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wire thermocouples [9]. In the current configuration, it has been demonstrated [9] that the adiabatic core hypothesis is valid 90 

up to approximately 70 ms after the end of compression (EOC). 91 

In this paper, two binary n-heptane/MCH mixtures with blending proportions of 15/85 and 70/30 by volume are 92 

investigated. These fuels are labeled, respectively, Hep15/MCH85 and Hep70/MCH30. The estimated RON/MON through 93 

linear by mole model for Hep15/MCH85 and Hep70/MCH30 are 64.8/61.6 and 24.7/23.5, respectively. The lower heating 94 

value (LHV) is similar for both mixtures, where it is 43.5 MJ/kg for Hep15/MCH85 and 44.2 MJ/kg for Hep70/MCH30. 95 

The experiments were conducted at a fixed fuel/air equivalence ratio of 0.4, an EOC pressure (Pc) of 11 and 16 bar, and a 96 

Tc range of 700-950K. The reactive mixture is diluted with N2 and Ar while maintaining the O2 content to 16.1. The 97 

compression ratio (CR) has been maintained the same throughout the experimental campaign. The inert gas composition 98 

was varied to reach different compression temperature while keeping the same CR. Table 1 summarizes the test conditions 99 

of the RCM experiments. Each target run is repeated at least three times.  100 

Table 1: Summary of RCM experimental test conditions 101 

Fuel 
Composition  

(Fuel/O2/N2/Ar %mol) 
ρ 

(kg/m3) 
Pc 

(bar) 
Tc 

(K) 

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 

     

 102 

2.2 Chemical kinetic modeling 103 

The adiabatic homogenous gas-phase reactor model in CHEMKIN PRO was used to simulate the RCM experiments. 104 

The simulations were performed considering variable volume profiles, which were estimated from the pressure traces of 105 

equivalent inert experiments. First, Tc profiles were calculated using the following equation: 106 

 


Tc

T

c

P

P

T

dT

0

)ln(
1 0

  107 

Where γ is the heat capacity ratio, T0 is the initial temperature, and P0 is the initial pressure. The resulting volume 108 

profile is deduced based on the ideal gas assumption. This simple method allows to properly consider the heat losses during 109 

the compression of the non-reactive mixture. It also ensures that the temperature profiles in simulations and experiments 110 
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are consistent during the compression, thereby partially correcting for heat losses in reactive cases. The combustion heat 111 

release induces an increase of temperature, which causes additional heat losses that are not considered in the above method. 112 

The detailed chemical kinetics model of Zhang et al. [23] for n-heptane and Bissoonauth et al. [25] for MCH were used in 113 

the current simulations. The two models were merged by unifying the species names and adopting the duplicate reactions 114 

and thermodynamic data from Zhang et al. [23] (n-heptane mechanism). Overall, the merged mechanism has 1702 species 115 

and 6329 reactions. The mechanism and the thermodynamic data are included in the Supplementary Materials. The IDT 116 

was defined for both experiments and simulations as the time corresponding to the maximum pressure rise rate (PRR), 117 

which is referenced against the EOC.  118 

3. Results 119 

3.1 Experimental evidence of three-stage auto-ignition 120 

Three-stage auto-ignition was observed in this study by analyzing the RCM pressure time-derivative (dP/dt).  Fig. 2 121 

illustrates the three-stage auto-ignition of Hep70/MCH30 at Pc = 16 bar and Tc = 700 K.  Additional results are presented 122 

in the Supplementary Material. The dP/dt trace has three distinct local maxima, wherein the first peak corresponds to the 123 

cool flame and the two others correspond to a multi-stage high-temperature auto-ignition. In Fig. 2, the PRR of the main 124 

ignition event is compared with the time evolution of chemiluminescence intensity, which is averaged on a 3x3 mm region 125 

located in the upper side of the combustion chamber (red square in Fig. 2). It has been demonstrated in previous studies [9, 126 

10] that the adiabatically compressed gases reside in this location at the indicated instants in Fig. 2. During the compression 127 

stroke and up to the start of the second stage ignition (~11 ms), no chemiluminescence signal is observed. During the 128 

second stage ignition (illustrated as t2 in Fig. 2), the chemiluminescence intensity increases progressively and reaches its 129 

maximum level at the third stage of ignition (illustrated as t3 in Fig. 2). This staged chemiluminescence evolution, which 130 

is correlated to the auto-ignition of the relatively homogeneous core, demonstrates that the third auto-ignition stage is a 131 

chemically driven phenomenon. To corroborate this, the above experimental results from the RCM are compared with 132 

detailed chemical kinetic simulations assuming an adiabatic homogeneous reactor.  133 
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  134 

Fig. 2. Comparison of pressure trace, dP/dt and chemiluminescence during a three-stage auto-ignition of Hep70/MCH30 135 

at Pc = 16 bar and Tc = 700 K 136 

 137 

3.2 Multi-stage auto-ignition predictability with detailed chemistry 138 

In this section, we present the effects of fuel, adiabatic core temperature, and compression pressure on the three-stage 139 

auto-ignition. Fig. 3 compares the simulated and experimental profiles of important species and dP/dt between 140 

Hep70/MCH30 and Hep15/MCH85 at Tc = 700 K and Pc = 16 bar. Both fuel mixtures exhibit three-stage auto-ignition, 141 

which was observed in both experiments and simulations. As expected, the fuel with higher MCH content (Hep15/MCH85) 142 

has lower reactivity with extended IDT in both the low and high-temperature stages. Chemical kinetic model predictions 143 

are slower for both mixtures compared to experiments, with better predictability shown for Hep70/MCH30. It is worth 144 

noting that the delay between the second and third stages in Hep15/MCH85 case was longer than in Hep70/MCH30 case. 145 

This is expected to have implications on the rate of depletion of HO2 and CO.  The concentration of HO2 radical peaks at 146 

the first and second auto-ignition stages, wherein the latter has the highest absolute magnitude. It appears that the rate of 147 

HO2 depletion after the second stage is inversely correlated to the time gap between the second and third auto-ignition 148 

stages. The aforementioned trend is apparent in the slow rate of consumption of HO2 for Hep15/MCH85, wherein the 149 

mixture resides at the high-temperature auto-ignition stages longer than Hep70/MCH30. The CO concentration peaks just 150 

before the third auto-ignition stage, where its rate of oxidation to CO2 follows the trend reported for HO2. CO conversion 151 

is faster for the Hep70/MCH30 fuel, which has a less pronounced three-stage auto-ignition behaviour compared to 152 

Hep15/MCH85.  For all cases, OH radical shows a main peak at the latter stages of the high-temperature auto-ignition 153 

phase. The characteristics of intermediate species observed in current simulations follow those reported by Sarathy et al. 154 

[33] wherein the OH radical peaks at the third heat release stage and the slow depletion of HO2 and CO are the key features 155 

of three-stage auto-ignition chemistry. In their study, the existence of the delayed high-temperature auto-ignition stage was 156 



8 

 

attributed to the large contribution of HO2+OH=H2O+O2 in inhibiting the reactivity at the second auto-ignition stage. The 157 

study also concluded that most of the CO oxidation (CO+OH=CO2+H) occurs at the third auto-ignition stage. This justifies 158 

the extended delay in CO depletion in fuels with more pronounced three-stage chemistry.  159 

Table S1 in the Supplementary Materials compares the temperature of each auto-ignition stage for all the cases analyzed 160 

in this section. At the first auto-ignition stage, there is a temperature difference of 22 K exists between Hep70/MCH30 161 

(783 K) and Hep15/MCH85 (761 K). Similar difference is observed at the second auto-ignition stage with Hep70/MCH30 162 

and Hep15/MCH85 burning at 1155 K and 1129 K, respectively. The temperature increases to 1590 K during the third 163 

auto-ignition stage for both binary mixtures. This indicates that even with the IDT difference between the mixtures, the 164 

third auto-ignition stage occur at the same temperature with minor differences reported for the first and second stages.   165 

 166 

Fig. 3. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) and simulations (lower 167 

three panels) between Hep70/MCH30 and Hep15/MCH85 at Pc = 16 bar and Tc = 700 K 168 

 169 

The effect of temperature on three-stage auto-ignition is analyzed in Fig. 4, in which the burning characteristics of 170 

Hep70/MCH30 at Tc = 700 K and 750 K with Pc fixed at 16 bar are compared. Increasing temperature reduces the extent 171 

of three-stage auto-ignition chemistry, as indicated by the merging of the high-temperature auto-ignition peaks. At 750 K, 172 

the three-stage auto-ignition is barely observed on the dP/dt profiles. In the experiments, only a small change in the slope 173 

is observed during the main ignition stage, while in the simulation this is predicted by a moderate PRR. The kinetic model 174 

accurately predicts the first stage and second stage IDTs at Tc = 750 K, while it under predicts them at 700 K. At Tc = 750 175 

K, HO2 and CO are consumed at faster rates, which explains the shorter duration of high-temperature auto-ignition stage. 176 

It is worth noting that the maximum concentration of OH is significantly higher when increasing Tc to 750 K. In previous 177 

fuel comparison case, similarities in the temperature of the three auto-ignition stages have been reported. Conversely, 178 

increasing the compression temperature causes a simultaneous increase of the temperature of all auto-ignition stages (see 179 

Table S1). As Tc is increased from 700 K to 750 K, the temperature increase of the first, second and third auto-ignition 180 

stages are respectively 25, 60 and 120 K.   181 

 182 
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 183 

Fig. 4. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) and simulations (lower 184 

three panels) of Hep70/MCH30 at 700 K and 750 K while Pc is fixed at 16 bar 185 

A similar methodology as for the temperature analysis was implemented to study the effect of compression pressure on 186 

three-stage auto-ignition. In Fig. 5, the auto-ignitions of Hep70/MCH30 at a compression temperature of 700 K and Pc of 187 

16 and 11 bar are compared. When reducing Pc, the three-stage auto-ignition is still observed but tend to have a less 188 

pronounced second stage. The comparison of the PRR profiles of the simulation illustrates this. There are no apparent 189 

differences in the rate of HO2 and CO depletion during the high-temperature auto-ignition stages. This is consistent as no 190 

major changes in the three-stage auto-ignition features have been noticed. The simulation has better predictability of the 191 

main ignition timing at lower Pc, despite the under-prediction of the first stage ignition. The temperatures at which the two 192 

stages of the high-temperature heat release occurs share similar trend as observed in the fuel effect analysis (Table S1). 193 

The second stage auto-ignition temperature varies by 30 K between the different pressure cases. The difference becomes 194 

negligible at the third auto-ignition stage. However, the similarities in the temperature characteristics can be attributed to 195 

the minor difference in the compression pressure of the examined cases ΔPc = 5 bar.   196 

In summary, the three-stage auto-ignition tends to be more pronounced at high pressure and low temperature. This 197 

phenomenon seems to be linked to the presence of n-heptane in the fuel where MCH acts as an inhibitor. Coupling of 198 

species profiles analysis and knowledge from three-stage chemistry in [33] highlights the need for a more complete 199 

understanding of unimolecular decomposition reactions of QOOH products in these ultra-lean conditions. Monitoring of 200 

species produced from QOOH related reactions is of the essence to understand three-stage heat release especially at high 201 

pressure and low temperature. After analyzing the experimental evidence of three-stage auto-ignition and its chemistry, it 202 

is worthwhile to examine the effect of temperature, pressure, and fuel content on the IDT. 203 

 204 
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 205 

Fig. 5. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) and simulations (lower 206 

three panels) of Hep70/MCH30 at Pc = 16 bar and 11 bar while Tc is fixed at 700 K 207 

 208 

 209 

3.3 Ignition delay time  210 

Fig. 6 presents the total IDT measurements for all cases tested in the RCM compared against simulations. The chemical 211 

kinetic model predicts the main ignition event of Hep70/MCH30 at low temperatures of 700-750 K for both compression 212 

pressures. As expected [10], a significant discrepancy between simulation and experiment is observed in the negative 213 

temperature coefficient (NTC) region. Thermal stratification present within the flat piston RCM could lead to an under-214 

estimation of the NTC behavior. In the Hep70/MCH30 cases, experiments showed a cool flame during compression for Tc 215 

> 825 K. This was not predicted by the model, which can also explain the discrepancies between simulation and 216 

experiments at these temperatures.  217 

Beyond the NTC region, the kinetic model can predict IDT at high temperatures, except for conditions where the fuel/air 218 

mixture auto-ignites before the EOC. Such behavior was observed for the more reactive Hep70/MCH30 fuel at Tc > 825 219 

K (Refer to Supplementary Materials).  For Hep15/MCH85, the model predicts slower IDT than experiments in the PTC 220 

region. The model’s accuracy improves at high temperatures. Overall, the developed model with merged n-heptane and 221 

MCH mechanisms is more accurate for Hep70/MCH30 (high n-heptane content) than Hep15/MCH85 (high MCH content), 222 

which can be attributed to the more rigorously developed and widely validated n-heptane model. This indicates deficiencies 223 

in the MCH model [25] at ultra-lean conditions, which warrants further investigations into reactions driving low-224 

temperature MCH reactivity.  Nevertheless, the simulations predict the type of multi-stage auto-ignition in all cases.  225 
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 226 

Fig. 6. Summary of total IDTs for all the cases analyzed in this study where error bars correspond to the standard 227 

deviation of repeated experiments, closed symbols represent experiments and open symbols represent simulations 228 

 229 

Fig. 7 compares each IDT for the cases that exhibit three-stage auto-ignition at Pc = 16 bar.  The simulations predict 230 

the type of multi-stage auto-ignition in all cases. However, the accuracy of prediction varies depending on the n-heptane 231 

content. The trends reported for the total IDT (third stage) follow that of the second stage where Hep15/MCH85 232 

experiences higher deviations. This can be attributed, as reported earlier, to the kinetic model where n-heptane sub-233 

mechanism is better validated than MCH. It is also worth noting the minor difference in the IDT between the second and 234 

third auto-ignition stages, which is a consistent observation for all cases. Unlike the difference between τ3–τ2, the first stage 235 

IDT is an order of magnitude smaller than the second stage IDT. The simulations predict the first IDT for both fuels with 236 

reasonable accuracy. The IDTs analysis supports conclusions originated from CSP analysis where three-stage auto-ignition 237 

arises from a delay in the high-temperature auto-ignition. It is justified by the small values of τ3–τ2 indicating similarities 238 

in the second and third auto-ignition mechanisms where they originated from the conventional high-temperature auto-239 

ignition. These results strengthen our argument that three-stage auto-ignition is driven by the chemical kinetic phenomenon. 240 

In addition, this work presents findings of unreported three-stage in the auto-ignition of n-heptane and MCH mixture, 241 

unlike the described phenomenon in [33] where it was limited to n-heptane.  242 

 243 

Fig. 7. Comparison of the first, second and third IDTs for the cases that exhibit three-stage auto-ignition at Pc = 16 244 

bar where closed symbols represent experiments and open symbols represent simulations  245 

 246 
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4. Conclusion 247 

This work builds upon previous findings of three-stage auto-ignition [33] by providing additional experimental 248 

evidence from a flat piston RCM. The auto-ignition characteristics of two binary n-heptane/MCH mixtures were 249 

investigated at various temperatures and pressures. These fuels were tested at conditions relevant to those where three-250 

stage auto-ignition was reported using pure n-heptane. To gain further insights into three-stage combustion behavior, a 251 

high-speed camera was used to record for chemiluminescence in a typical case. The imaging demonstrated that auto-252 

ignition was driven by the combustion of the adiabatically compressed gases located in the upper side of the RCM chamber. 253 

The peak of chemiluminescence intensity in that location was synchronized with the third stage auto-ignition. This 254 

demonstrated that the multi-stage auto-ignition identified by the PRR is driven by chemical kinetics. This finding was 255 

confirmed by homogenous batch reaction simulations performed using merged n-heptane and MCH model. The multi-256 

stage auto-ignition type was predicted in all simulated cases. Three-stage auto-ignition features were found to be more 257 

pronounced at high pressure and low-temperature conditions. The rate of HO2 and CO depletion in the high-temperature 258 

auto-ignition stages decreases for cases with an extended delay between the second and third auto-ignition stages. This is 259 

justified as the inhibiting reaction HO2+OH=H2O+O2 and the explosive reaction CO+OH=CO2+H play vital roles in the 260 

second and third auto-ignition stages, respectively. This study demonstrated three-stage auto-ignition in fuels containing 261 

MCH, which is reported for the first time. However, the propensity to exhibit three-stage auto-ignition reduces as higher 262 

proportions of MCH are blended. In most cases, the temperatures at which high-temperature heat release stages occur are 263 

similar. Discrepancies in the temperature of second and third auto-ignition stages have been reported when varying the 264 

compression temperature, which cautions against establishing a solid conclusion. This type of staged auto-ignition enables 265 

lower pressure rise rates, which is potentially safer for the operation of HCCI engines.  266 
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Figure Captions 373 

Fig. 1.  Summary of key reactions involved in three-stage ignition of n-heptane [32] 374 

Fig. 2. Comparison of pressure trace, dP/dt and chemiluminescence during a three-stage auto-375 

ignition of Hep70/MCH30 at Pc = 16 bar and Tc = 700 K 376 

Fig. 3. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) 377 

and simulations (lower three panels) between Hep70/MCH30 and Hep15/MCH85 at Pc = 16 bar and 378 

Tc = 700 K 379 

Fig. 4. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) 380 

and simulations (lower three panels) of Hep70/MCH30 at 700 K and 750 K while Pc is fixed at 16 bar 381 

Fig. 5. Comparison of the species profile and the dP/dt obtained from experiments (upper panel) 382 

and simulations (lower three panels) of Hep70/MCH30 at Pc = 16 bar and 11 bar while Tc is fixed at 383 

700 K 384 

Fig. 6. Summary of total IDTs for all the cases analyzed in this study where error bars correspond 385 

to the standard deviation of repeated experiments, closed symbols represent experiments and open 386 

symbols represent simulations 387 

Fig. 7. Comparison of the first, second and third IDTs for the cases that exhibit three-stage auto-388 

ignition at Pc = 16 bar where closed symbols represent experiments and open symbols represent 389 

simulations 390 

Table Caption 391 

Table 1. Summary of RCM experimental test conditions  392 

Supplementary Material 393 

SM-1: Additional cases where three-stage auto-ignition observed (Figs. S1 and S2), an illustration 394 

of a case where the mixture pre-ignites before the end of compression in Fig. S3 and a comparison of 395 

the temperature at which each auto-ignition stage exists for cases presented in Section 3.2 (Table S1); 396 

SM-2: The detailed kinetic model; SM-3: The thermodynamic data; SM-4: The experimental data. 397 
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