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Abstract 

This work reports on an experimental and modeling study on the low-temperature heat release (LTHR) 

characteristics for three RON 90 binary blends (n-heptane blended with isooctane, toluene and ethanol) 

in a Cooperative Fuel Research (CFR) engine at lean and stoichiometric conditions that are 

representative of homogeneous charge compression ignition (HCCI) and spark-ignition (SI) end-gas 

combustion conditions, respectively. An analysis of the end-gas temperature-pressure (T-P) 

trajectories was performed to identify the intake conditions leading to similar T-P trajectories between 

the two lambdas for each fuel blend. A heat release analysis was then conducted for the identified 

cases, where fuel-to-fuel differences in LTHR were identified and found to be sensitive to the operating 

condition. Simulations were conducted for these cases using a recently updated chemical kinetic model 

and a 0-D engine model, where good qualitative and reasonable quantitative agreements in LTHR were 

obtained. Sensitivity analysis was also performed directly on the rates of LTHR, to understand the 

controlling chemical reactions of LTHR, providing further insights into the fuel-to-fuel differences. 

The results demonstrate the significant promoting effect of n-heptane on LTHR rates, while inhibiting 

effects were seen for ethanol and toluene. Also highlighted was the importance of H-atom abstraction 

reactions from the chemistry of each fuel component, which could lead to contradictory fuel behavior 

depending on the locations of the H site of the abstraction reaction due to the different ensuing 

pathways for the primary fuel radicals. 
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1 Introduction 

The auto-ignition process of transportation fuels has been studied extensively and can be broadly 

categorized to occur across low-, intermediate-, and high temperature regimes [1], [2], [3], [4]. Low-

temperature auto-ignition can be further divided into slow oxidation, ‘cool flame’ and the negative 

temperature coefficient (NTC) regions, and the end of the NTC region indicates the beginning of the 

intermediate-temperature regime. Low temperature combustion is a complex process that has been 

shown to follow several distinct chemical stages [4], where alkyl radical (R) conversion to chain 

branching products proceeds through multiple O2 additions, isomerizations and subsequent thermal 

decomposition. This has been identified as the main pathway of the auto-ignition process in many Low 

Temperature Combustion (LTC) concepts [5].  

Low-temperature heat release (LTHR) and cool flames can be observed under operating conditions 

that exhibit two-stage ignition behavior in some fuels. The first stage heat release usually results in a 

sharp increase in pressure and a temperature rise of 50 – 200 K. This behavior has been observed in 

LTC engines at temperatures in the range of 750 – 880 K, often around 10–20 crank angle degrees 

before the main ignition, or high-temperature heat release (HTHR) phase [6,7]. More recently the rates 

and extents of LTHR for full boiling range gasolines were characterized under well-controlled static 

conditions in a rapid compression machine (RCM) [8,9]. LTHR is an important characteristic of many 

gasoline-type fuels, and can influence combustion control in advanced compression ignition engines 

[6], [7], [10], [11]. The impact of LTHR in stoichiometric SI engines has been studied of late, due to 

its relevance in modern downsized SI engines where LTHR before the onset of spark was identified 

under high load and temperature, where this can affect flame consumption rates and end-gas knock 

[12], [13], [14]. One of the earliest investigations into the effect of LTHR on stoichiometric SI engine 

operation was conducted by Leppard [15] , who highlighted the occurrence of the two-stage ignition 

along with the NTC region in alkanes. A more recent study by Westbrook et al. highlighted the 
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chemical origin of two-stage ignition in alkanes and indicated that the most likely mechanism for 

LTHR reaction pathway was by molecular structure specific, electron destabilization [16].  

Some previous studies have highlighted the correlation of LTHR on fuel composition using HCCI 

engine experiments and kinetic simulations [17], [18], [19]. Boehman and co-workers have conducted 

extensive studies to characterize the autoignition chemistry of gasoline components and surrogate 

blends using their critical compression ratio (CCR) criterion in a modified CFR engine [20], [21], [22],  

[23]. One related study highlighted the impact of high-octane fuel components including toluene and 

ethanol, on the low temperature chemistry in primary reference fuel blends, under lean conditions and 

varying intake pressures [20]. However, open questions still exist about the effect of equivalence ratio 

on the extent of, and the reaction paths leading to LTHR under stoichiometric SI engine operation.  

A recently published study by the authors utilized the standard Cooperative Fuel Research (CFR) 

engine to characterize the onset and extent of LTHR in non-dilute lean and stoichiometric mixtures of 

three RON 90 binary fuel blends [24]. In the present study, the aim is to provide a deeper understanding 

into the reaction pathways leading to LTHR for these binary fuel blends under engine conditions 

relevant to LTC and stoichiometric knocking SI engine operation. Furthermore, a fundamental 

understanding of fuel-to-fuel differences in LTHR behavior is provided through a sensitivity analysis, 

which identifies important chemical pathways during low temperature reactions. 

2 Experimental  

The experimental work for this study was previously reported by the authors [24] , hence only a brief 

summary is provided here. Three binary fuel blends with constant RON of 90, namely PRF90 (90 

vol% iso-octane/10 vol% n-heptane), TRF90 (70.5 vol% toluene/29.5 vol% n-heptane) and ERF90 (55 

vol% ethanol/45 vol% n-heptane), were tested in a CFR engine at 600 revolutions per minute (rpm), 

and at two lambdas (𝜆), i.e., 1.0 and 3.0.  Under lean operation, the compression ratio was adjusted for 

each fuel to achieve constant combustion phasing of CA50 (crank angle of 50% fuel mass burned) at 

three degrees after top dead center (°aTDC). For stoichiometric operation, the spark timing was 



6 
 

retarded to ensure that LTHR occurred before the onset of flame propagation, and the compression 

ratio was adjusted to phase the peak of LTHR at TDC. The intake pressure was swept from 0.9 to 1.3 

bar for each fuel at each of the five intake air temperatures (52°C, 80°C, 120°C, 149°C and 180°C). A 

heat release analysis was conducted for a single representative cycle selected from 300 consecutive 

cycles which was determined using an in-house Python code, as described by Pulpeiro Gonzalez et al. 

[25]. It should be noted that the single cycle analysis was not significantly affected by cycle-to-cycle 

variation since high repeatability was observed for LTHR.  

Furthermore, an analysis of the temperature-pressure (T-P) trajectories was carried out to identify the 

lean T-P trajectories that overlap with comparable stoichiometric T-P trajectories. Comparable T-P 

trajectories were selected primarily to explore the similarities and differences of the oxidation 

chemistry under lean and stoichiometric conditions with similar thermodynamic histories. It was found 

that for the three fuel blends, a lean T-P trajectory with 1.15 bar intake pressure and 80°C intake 

temperature corresponded to a stoichiometric T-P trajectory having 1.3 bar intake pressure and 52°C 

intake temperature. Figure 1 illustrates the overlapping T-P trajectories for PRF90, along with the 

representative RON and MON trajectories. The plot also includes the accumulated LTHR at different 

operating conditions where intake pressure and decreasing intake temperature leads to LTHR from 3% 

to 5% of total fuel energy. The discussions in this paper are based on comparable representative T-P 

trajectories at both lean and stoichiometric operation for each fuel. 

 

   

Figure 1 : Isentropic Temperature-Pressure (T-P) trajectories for PRF90. 
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3 Chemical kinetic modeling 

The chemical kinetic model used in this study is briefly described here. Readers are encouraged to find 

more detailed accounts in Mehl et al. [26], where an updated version of the model included the 

following changes.  The C0–C4 sub-chemistry was replaced with AramcoMech 2.0 [27]. Chemistry 

for alkanes C5–C7 has been recently updated by Bugler et al. [28] and Zhang et al. [29]. The iso-octane 

submodel has been revised incorporating the work from from Atef et al. and Zhang et al. [30,31]. Sub-

models for aromatic compounds have been extensively rewritten to reflect changes made in recent 

studies [29], [32], [33]. Cyclopentane chemistry has been included from Wagnon et al. [33].  

Adiabatic, zero-dimensional (0-D) modeling was conducted using the LLNL developed fast-solver 

Zero-RK [26,34]. Figure 2 presents comparisons between the kinetic model and experimental 

measurements for PRF90 using the twin-piston rapid compression machine at Argonne National 

Laboratory. The data are shown in T-P space where isopleths of first-stage (τ1) and main ignition delay 

times (τ), and LTHR fraction of lower heating value are included. Some discrepancies are notable, but 

overall agreements are good, including in LTHR and its dependence on temperature and pressure.  

The engine simulations started from intake valve closure (IVC) to exhaust valve opening (EVO), with 

a variable-volume profile used to represent engine piston motion. Initial conditions at IVC (presented 

in Table S1 and S3), including temperature and mole fractions, were obtained using a one-dimensional 

three pressure analysis GT-Power model of the CFR engine [35,36]. Experimental skip-fired pressure 

cycles were used, with the isentropic relations, to calculate the volume profile. The mixture gamma 

was calculated as a function of temperature, assuming a fresh air mixture composition with residuals, 

which was also obtained from GT-Power modeling and the measured engine emissions data.  
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Figure 2: Comparison of measured and predicted auto-ignition behavior for PRF90 at diluted, stoichiometric conditions (12% 

O2) covering Tc = 700–950 K and Pc = 20–70 bar using an RCM [37]. Isopleths of first-stage and main ignition delay times are 

shown, along with extents of LTHR (% of LHV). 

4 Results and discussion  

4.1 Lean combustion (λ = 3) 

 

Figure 3 illustrates the simulated and calculated rates of heat release (ROHR) for PRF90, TRF90 and 

ERF90 under lean (λ = 3) combustion. The insets show the T-P trajectories for both the isentropic 

simulations and range of temperatures in the cylinder during experiments, which is depicted as the area 

between T-P trajectories calculated using isentropic and ideal gas relations. The model is able to 

capture the general two-stage ignition behavior (LTHR and HTHR) for PRF90, TRF90 and single-

stage ignition (HTHR) for ERF90.  However, when using the IVC temperature estimates from the GT-

Power model, the magnitude and the phasing of the simulated LTHR did not match well with the 

experimental LTHR. This trend can be expected due to the simulation not accounting for non-

uniformities such as thermal stratification, which have been reported to reduce the overall exothermic 

rate [38], [39], [40]. It was therefore decided to perform the simulations with a sweep in the IVC 

temperatures. A drop of 10 K below the GT-Power IVC temperature estimate improved the replication 

of the magnitude and phasing of the experimental LTHR, as would be expected based on the model 

discrepancies observed in the RCM data presented in Fig. 2.  As shown in the insets in Fig. 3, the 

reduction in IVC temperature shifts the T-P trajectory towards the high-pressure and low-temperature 

regime where higher LTHR is more likely to occur. An even further reduction in IVC temperature 
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would lead to better agreement with the extent of LTHR in the experiments, although this would have 

muted HTHR entirely.  

The observations of the exothermic behavior need to be made with appreciation of the complex 

evolution of auto-ignition under the turbulent, non-uniform conditions that exist within the engine 

combustion chamber. Observations from multi-dimensional DNS studies have highlighted the 

influence of thermal stratification on the phasing and extent of LTHR and HTHR [41], [42], [43]. Talei 

et al. [41] for example reported that the extent of LTHR under non-homogenous conditions was lower 

than the comparable homogenous case, while greater levels of thermal stratification resulted in 

complicated mode shifts in heat release from auto-ignition to deflagration fronts, which could 

influence the HTHR under the non-uniform conditions experienced in the engine experiments. Since 

it is difficult to characterize the HTHR in the engine, it is therefore believed that the 10 K reduction 

represents a reasonable approach to account for both heat loss and temperature stratification effects in 

order to evaluate LTHR.  

For PRF90 and TRF90, similar trends of the experimental LTHR were reproduced by the simulations. 

The amount of LTHR for PRF90 in the experiments was found to be 17.5 J, whereas the simulations 

under-predicted the magnitude, at 7.5 J. The plot also shows the temperature-pressure (T-P) values at 

the maximum LTHR (depicted by hollow circular markers) for both simulations and experiments. The 

T- P values at the maximum LTHR are 744 K, 17.4 bar for the experiment and 804 K, 19.2 bar for the 

simulation, indicating that the Temperature-Pressure (T-P) regime is followed where LTHR is 

observed for PRF90 as shown in Fig. 2. The amount of LTHR for the TRF90 blend was 14 J and 6.1 

J for the experiments and simulations, respectively. The reduction in the LTHR for TRF90 is observed 

for both the experiments and simulations in comparison to the PRF90 blend. For the ERF90 blend, no 

LTHR was present in the experiments and this was reproduced by the model.  
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Figure 3. Rate of heat release (ROHR) for a) PRF90, b) TRF90, and c) ERF90 in lean combustion (Exp: Experimental, Sim: 

Simulated). 

4.2 Stoichiometric combustion (λ = 1)   

Figure 4 shows the simulated and experimental results at the stoichiometric condition. The simulated 

ROHR consists of only one LTHR peak prior to the experimental spark timing (20°aTDC), since flame 

propagation was not simulated in Zero-RK. This does not affect the results presented herein since the 

preliminary heat release events prior to HTHR are unaffected by HTHR. Similar to the lean results, a 

reduction of 10 K below the GT-Power IVC condition resulted in a simulated LTHR combustion 

phasing better matching the experimental LTHR and therefore it was adopted in this section for 
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stoichiometric combustion. The amount of LTHR for PRF90 was 116 J and 101 J for the experiments 

and simulations, respectively. This indicated that, despite disagreement in the LTHR profile, the extent 

of LTHR matched quite closely with the experiment. The amount of LTHR for TRF90 was 92 J and 

75 J for the experiments and simulations, respectively. The reduction of LTHR was also observed in 

lean conditions with the use of toluene. For ERF90, with the IVC temperature 10 K below the GT-

Power simulation, the combustion phasing of simulated LTHR matched very well with the 

experimental LTHR. The peak LTHR (depicted by hollow circular markers) for both the simulations 

and experiments align very well. The detection of LTHR in stoichiometric combustion for ERF90 

contrasted with the behavior observed under lean combustion, which was likely due to the higher 

compression ratio used at this condition. This implies that the fuel behavior of ERF90 changes between 

lean and non-diluted stoichiometric mixtures. A relatively large discrepancy was seen between the 

simulation and experiment, i.e., 71 vs. 112 J. This is caused by the inadequacy of the 0-D modeling 

approach, as well as, the inaccurate representation of ethanol-interaction chemistry, as recently found 

by Cheng et al. [9], wherein ethanol blending effects on gasoline were studied using the same model. 

In addition, it was noted that the measured LTHR order of magnitude between TRF90 and ERF90 was 

slightly different from the simulation results. The difference in the simulated LTHR is 4 J, which is 

considered to be within the uncertainty in calculating LTHR.   
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Figure 4: Rate of heat release (ROHR) for a) PRF90, b) TRF90, and c) ERF90 in stoichiometric combustion (Exp: 

Experimental, Sim: Simulated). 

4.3 Sensitivity analysis  

The reasonable quantitative agreement observed in Section 4.1 and 4.2 allows the use of the chemical 

kinetic model in reaction sensitivity analysis to explore the chemical cause for the different LTHR 

behaviors observed across the conditions studied. Brute force sensitivity analysis on the magnitude of 

peak LTHR rate was conducted for the three fuel blends at both lean and stoichiometric conditions. 

The sensitivity coefficients are defined as 𝑆𝑟𝑒𝑙 = ln (
𝑀𝑎𝑥𝐿𝑇𝐻𝑅∆

𝑀𝑎𝑥𝐿𝑇𝐻𝑅
) /ln(

𝑘∆

𝑘
), where 𝑀𝑎𝑥𝐿𝑇𝐻𝑅∆  is the 

maximum rate of simulated LTHR after multiplying the original rate constant by 2, i.e.,. 𝑘∆ = 2 ∗ 𝑘. 

For lean combustion of ERF90, where LTHR was not observed, a nominal value of 1.0 J/s is used for 

MaxLTHR. Positive sensitivity coefficients indicate that the reaction promotes LTHR, while negative 

coefficients indicate an inhibiting effect.    

Figure 5 shows the sensitivity coefficients for the 15 most sensitive reactions. The species participating 

in these reactions can be identified in Table S4 in the supplementary material.  Several features can be 
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immediately seen from Fig. 5. First, despite different sensitivity coefficients, the most sensitive 

reactions for all cases have the same effect, i.e., either inhibiting or promoting. These reactions were 

primarily H-atom abstractions by the hydroxyl radical, OH, and concerted elimination of alkylperoxyl 

radicals (ROO •) forming alkene + HO2. Second, these reactions generally displayed less profound 

effects in stoichiometric combustion as compared to lean, though this interpretation could be affected 

by the lower ROHR at lean conditions. Finally, fuel-to-fuel differences were notable, as seen from the 

different sensitive reactions obtained for these blends. 

 

  

  

Figure 5: Sensitivity analysis for a) PRF90, b) TRF90, and c) ERF90 in lean and stoichiometric combustion for 10 K below 

IVC conditions. 
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For PRF90 (Fig. 5a), the sensitive reactions were dominated by IC8 (isooctane) chemistry, including 

H-atom abstraction by OH and concerted elimination of alkylperoxy radicals.  This is expected since 

90 vol% IC8 was present in PRF90. The significance of alkylperoxy radical chemistry for LTHR is 

consistent with Benson [44], where this was found critically important for cool flame behavior. 

Another important reaction from IC8 chemistry was the oxygen addition reactions to the 

hydroperoxyalkyl radicals, e.g. IC8OOH3-1R + O2 <=> IC8OOH3-1O2R. Although 10% n-heptane 

was used, H-atom abstraction reactions from this fuel molecule by OH greatly promote LTHR which 

is consistent with Shibata et al. [19]. The most sensitive reaction at both conditions was the H-atom 

abstraction by OH on IC8 at the tertiary site, forming IC8-4R, which had the strongest inhibiting effect 

on LTHR. Doubling the rate of this reaction even mutes LTHR in the lean combustion, as inferred 

from its negative sensitivity coefficient of around -13, meaning that the perturbed LTHR is on the 

order of 10-5 J/s. Figure 5a illustrates that the ensuing pathways for IC8-4R are unimolecular 

decomposition forming TC4H9 and IC4H8, and concerted elimination leading to HO2, which are 

relatively unreactive at low temperatures. The important reactions presented are found to be the key 

steps in low-temperature oxidation of PRF90 [45,46] that are critical to fuel reactivity. 

For TRF90, despite the dominant concentrations of toluene, the sensitive reactions are primarily from 

n-heptane chemistry, including the H-atom abstraction reactions by OH on n-heptane, which are found 

to greatly promote LTHR. However, H-atom abstraction by OH on toluene are the most inhibiting 

reactions, where increasing the rate of H-atom abstraction on the alkyl group, forming C6H5CH2, 

completely suppresses LTHR, regardless of the equivalence ratio. The strong suppressing effect on 

LTHR could be attributed to the radical scavenging effect of toluene [20], [21],[46],[47].    

For ERF90, despite less n-heptane compared to ethanol, reactions from the n-heptane chemistry were 

dominant in stoichiometric combustion. However, similar to TRF90, the most sensitive reaction was 

H-abstraction on ethanol forming alpha-hydroxyalkyl radical, which greatly suppressed the LTHR. 

The suppressing effect from ethanol addition on LTHR agrees well with the literature [22], [48], [49] 
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,which was caused by the subsequent pathway for the alpha-hydroxyalkyl radical towards the OH 

termination pathway, forming aldehyde and HO2. In lean combustion, where LTHR was not observed 

in the experiment (Fig. 3c), all reactions that were sensitive in stoichiometric combustion gave zero 

sensitivity except for one reaction, NC7H16+OH = C7H15-1+H2O. This reaction was able to trigger 

the onset of LTHR despite the strong inhibiting effect from ethanol. The significantly different results 

for ERF90 across different lambda could be attributed to many reasons, including the high phi-

sensitivity of n-heptane, the unique chemical effects of ethanol, the differences in engine compression 

ratio, etc.  

The presence of similar reactions between stoichiometric and lean combustion indicates that the 

characterization of LTHR in lean mixtures could potentially be used to explain the auto-ignition 

behavior in stoichiometric combustion, but it can vary from fuel to fuel. For instance with ERF90, the 

ethanol completely suppressed LTHR in lean combustion, but not in stoichiometric combustion.   

Among the three blends, the percentage of n-heptane was 10 vol% in isooctane, 29.5 vol% in toluene 

and 45 vol% in ethanol, respectively. If 10 vol% n-heptane was used with toluene or ethanol, their 

reactivity would be much less than that of PRF90. This demonstrates the relative effects of each of 

these high-octane components on the reactivity of n-heptane. For that reason, the percentage of n-

heptane with toluene and ethanol must be increased by about three and five times, respectively, to 

achieve similar fuel RON ratings.       

Previous work has demonstrated the knock mitigating benefits of high-octane sensitivity (OS = RON-

MON) in modern turbocharged SI engines. The TRF90 and ERF90 blends were selected to 

demonstrate the effects of increased OS on LTHR. In order to increase OS of the two blends, but 

maintain a RON of 90, the percentage of n-heptane must be increased. While toluene and ethanol are 

known to inhibit LTHR, the sensitivity analysis showed that most of the reactions are from the n-

heptane chemistry for TRF90 and ERF90. The LTHR inhibiting effects by toluene and ethanol are 

somewhat offset by the increased promoting effect from n-heptane chemistry. So while the LTHR 
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would likely be diminished with increased aromatic or alcohol content due to the inhibiting effects, 

increased n-paraffin amount could still potentially produce LTHR in high sensitivity fuels.  

5 Summary and Conclusions   

The LTHR behavior of three RON 90 binary fuel blends was characterized under lean and  

stoichiometric conditions without dilution, using CFR engine experiments as well as kinetic 

simulations. The 0-D modeling was able to qualitatively capture the trend in LTHR across lean and 

stoichiometric combustion, and across the three fuel blends. Despite each fuel blend having the same 

RON, differences existed in the magnitude and phasing of the LTHR under both stoichiometric and 

lean operation. The oxidation of n-heptane in all three fuel blends generated radical pools, which 

promote LTHR, but the extent of LTHR was mainly controlled by the oxidation chemistry of the high-

octane components regardless of the n-heptane concentration. Despite the high concentration of n-

heptane in the TRF blend, toluene reduced the LTHR for both lean and stoichiometric mixtures when 

compared to the PRF blend. These findings are in agreement with previous studies, where it was found 

that toluene acts as a radical sink for OH and reduces LTHR [20] ,[50], [51], [52]. Among the three 

fuel blends, ERF had the highest amount of n-heptane but no LTHR was detected for the lean mixture, 

highlighting the stronger radical scavenging effect of ethanol compared to toluene. This was again 

consistent with observations by Kalaskar et al. [20], who studied both toluene/n-heptane and ethanol/n-

heptane blends under lean conditions and noted that the two-stage behavior was completely suppressed 

for the ethanol blends, even at intake pressures up to 3 bar. They suggested that different mechanisms 

and co-oxidation pathways must exist for toluene and ethanol during the low-temperature regime. 

However, observations from this study showed that ethanol/n-heptane blends do exhibit LTHR and 

hence two-stage behavior under stoichiometric operation. 

The use of sensitivity analysis helped to describe the underlying auto-ignition chemistry for the three 

blends. The analysis showed that H-atom abstractions by OH were the dominant reactions for both 

lean and stoichiometric operation for all fuel blends, and the importance of the concerted elimination 
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of alkylperoxyl radicals (ROO •) forming alkene + HO2 was also highlighted. The H-atom abstraction 

reactions on n-heptane strongly promoted LTHR rates, while those on the tertiary site of IC8, alkyl 

group of toluene, and the α-site of ethanol greatly suppressed LTHR rates due to their ensuing 

pathways towards the OH termination direction. Although ethanol LTHR was muted with ERF90 at 

lean conditions, doubling the rate of the H-atom abstraction on the primary site of n-heptane led to the 

observance of LTHR. This work provided understanding of the dominant chemistry controlling LTHR 

rates in an engine environment. The identified reactions are important for future work aiming to 

improve a kinetic model’s performance in accurately capturing LTHR behavior. 
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