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Abstract 
A comparison between phase diagrams of HCCI engines operations and explosion 
diagrams of n-heptane at lean conditions is here presented. Because of the 
autoignition behavior of the air-fuel mixture in HCCI engines, this analysis can 
improve the understanding of combustion phenomena in this system. A detailed 
kinetic scheme coupled with a non adiabatic stirred reactor model allows to 
investigate the effect of time and composition on the explosion diagrams. Results 
show that the low residence time in HCCI engine allows complete combustion only 
after a critical compression ratio, when the system is able to overcome the 
explosion limits. 
 
Introduction 
Internal combustion engines have an important impact on the environment: the 
combustion processes involved are responsible for the emission of different 
pollutants, such as NOx, CO, PAH and soot. In order to reduce the consumption of 
fuel and pollutants emissions, new concept of combustion has been developing in 
the last two decades, like the Homogeneous Charge Compression Ignition (HCCI): 
in HCCI engines the autoignition of air-fuel mixture requires lean and premixed 
conditions, allowing to reach these targets. Chemical kinetics play a relevant role in 
HCCI combustion: since no external devices are used, the ignition relies on the 
reaction kinetics of the fuel and on the thermodynamic conditions of the system. 
 
Detailed Kinetics and Numerical Methods 
Since several years,  a lumped kinetic model has been developed and extensively 
validated [6]. This reaction scheme accounts both for low and high temperature 
mechanisms and it is flexible enough to predict accurately the intermediate 
components, the heat release and also ignition delay times. Several comparisons 
with experimental data, obtained under very different operating conditions, from 
pure pyrolysis to fuel-lean conditions, including shock tube, flow and jet stirred 
reactors support the reliability of this kinetic model already extended to heavier n-
alkanes [4][5]. The simulation of HCCI combustion is achieved by a revised 
version of the model already used in a previous study [2], now implemented in the 
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OpenSMOKE suite. This approach allows the use of a robust and efficient DAE 
solver based on the BzzMath C++ routines. The model, based on a 0-D approach, 
simulates the cylinder system, considering the heat exchanged through the cylinder 
wall. The present single-cylinder engine was modeled accounting for the proper 
initial and boundary conditions, as well as the internal EGR, in order to predict 
temperature, pressure and chemical compositions along successive combustion  
cycles. When the valves are closed, the cylinder is divided into two zones, 
accounting for stratifications of temperature and composition. Temperature, 
pressure, and chemical composition of each zone are calculated assuming a 
uniform pressure all over the combustion chamber. The heat exchange is calculated 
by a modified Woschni model [1]. 
 
Explosion diagrams of n-heptane  
Explosion diagrams show the ignition behavior of a fuel-oxidizer mixture in 
different conditions of temperature and pressure, allowing to highlight different 
phenomena. As reported in Fig. 1, the ignition of n-heptane at low temperatures 
and pressures is characterized by a negative temperature coefficient (NTC) region, 
with the presence of cool flames. Otherwise, high pressures and low temperatures 
allow a two stage ignition, while high pressures and temperatures lead the system 
to a one stage ignition. These diagrams can be very useful for the understanding of 
combustion phenomena in HCCI engines. 
 

 
Figure 1. Explosion diagram of nC7H16/O2 at molar ratio 1/1 [3]. 

 
The experimental explosion diagrams of n-heptane are usually reported for rich 
fuel mixtures, while HCCI engines operates in lean conditions. Fig.2 shows the 
explosion diagrams of different mixtures moving from stoichiometric conditions up 
to lean mixtures with an equivalence ratio (Φ) of 0.25.  These curves are obtained 
by analyzing the dynamic behavior of non adiabatic stirred reactors.  As expected 
the explosion limits of the lean mixtures move towards more severe conditions, i.e. 
higher temperatures and pressures. Moreover, a significant reduction on the NTC 
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region is observed at very lean conditions. This behavior is consistent with the 
experimental data of Szybist and Boehman [7], who observed a reduction of the 
low temperature reactivity and heat release while increasing the mixture dilution. 

 
Figure 2. Effect of mixture composition on the explosion diagrams of n-

heptane/air mixtures (Φ=1, 0.5 and 0.25). 
 
Validation of the Mathematical Model 
Boehman et al. [7][8] analysed with a great detail the performances of a HCCI 
engines under a wide range of equivalence ratios to investigate the autoignition 
behaviour of different fuels, including n-heptane. They observed that several fuels 
show a two stage ignition process, with a low temperature (LT) heat release, 
followed by the main combustion, or high temperature (HT) heat release. 
Fig. 3 shows the predicted temperature profiles versus crank angles (along the 
cycles) at different compression ratios. These behaviors show the role of low 
temperature chemistry at compression ratios higher than 5, while the critical 
compression ratio for a complete combustion is about 9. In agreement with the 
experimental evidences, the peak temperature moves from 600 to 1300 K, while 
peak pressure changes from 5 to 30 atm increasing the compression ratio. 
 

 
Figure 3. Temperature and pressure profile at different compression ratio for n-

heptane at Φ=0.25. 
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Fig. 4 shows a comparison between model predictions and experimental data at 
different compression ratios and confirms the behavior previously discussed. The 
low temperature reactivity, in the range of CR between 5 and 8, is highlighted by 
the CO profile, while the fast increase of CO2 at a CR of about 9  identifies the high 
temperature ignition. The yields of the different species are in good agreement with 
the experimental data, even though the formaldehyde is about double. 
All of these results allow to consider the model suitable for a qualitative and 
quantitative study of the HCCI combustion. 
 

 
Figure 4. CO, CO2, CH2O and CH3CHO profiles at different compression ratio for 

n-heptane at Φ=0.25. 
 
Phase diagrams of HCCI operation and explosion diagrams 
Before comparing the phase operation diagrams of HCCI engines with the 
explosion diagrams, it is useful to consider that the explosion diagrams of Fig. 2 
have been obtained with a time horizon of several seconds.  
 

 
Figure 5. Effect of the time horizon on the explosion diagrams of a n-heptane/air 

mixture at Φ=0.25. 
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Due to the very low residence times in the engine, Fig. 5 shows the explosion 
diagrams obtained with different time horizon from 1 s down to 1 millisecond. At 
very low residence times it is necessary to reach high temperatures and pressures 
before to observe the complete reactivity of the mixture. 
This figure also shows that the very weak NTC region completely disappears for 
time horizons shorter than 10 ms. 
 
Fig. 6 compare the engine performances across the critical compression ratio (8.5-
9.5) already discussed in the previous paragraph. The critical conditions are well 
explained by observing that only the operation phase diagram at CR=9.5 is able to 
overcome the  explosion limits with the time horizon limited to a few milliseconds. 
Panel B of Fig. 6 shows that, at a compression ratio 8.5, the low temperature 
reactivity takes at least 10 ms. In these conditions, the system cannot activate the 
high temperature reactions. On the contrary, at a compression ratio 9.5 (Panel D of 
Fig. 6), it is possible to observe the complete ignition and combustion of the fuel 
mixtures with the high pressure and temperature peaks.  
 

 
Panel A Panel B 

 
Panel C Panel D 

Figure 6. Temperature profile (Panel A and C) and comparison between explosion 
diagram of n-heptane and phase diagrams of HCCI operation (Panel B and D) at 

CR 8.5 (Panel A and B) and CR 9.5 (Panel C and D). 
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Conclusion 
This study show the influence of time and mixture composition on explosion 
diagrams, and a comparison with phase diagrams in an HCCI engine. Lean 
conditions and low residence time move explosion limits towards higher 
temperatures and pressures, while the comparison with phase diagrams highlights 
that the low residence time in HCCI engines allow complete combustion only after 
a critical compression ratio, when the system is able to overcome the explosion 
limits. 
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