
Understanding multi-stage HCCI combustion
caused by thermal stratification and
chemical three-stage auto-ignition

Item Type Article

Authors Ben Houidi, Moez; AlRamadan, Abdullah; Sotton, Julien;
Bellenoue, Marc; Sarathy, Mani; Johansson, Bengt

Citation Ben Houidi, M., AlRamadan, A., Sotton, J., Bellenoue, M., Sarathy,
S. M., & Johansson, B. (2020). Understanding multi-stage HCCI
combustion caused by thermal stratification and chemical three-
stage auto-ignition. Proceedings of the Combustion Institute.
doi:10.1016/j.proci.2020.05.047

Eprint version Post-print

DOI 10.1016/j.proci.2020.05.047

Publisher Elsevier BV

Journal Proceedings of the Combustion Institute

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Proceedings of the Combustion Institute.
Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and
other quality control mechanisms may not be reflected in
this document. Changes may have been made to this work
since it was submitted for publication. A definitive version was
subsequently published in Proceedings of the Combustion
Institute, [, , (2020-07-23)] DOI: 10.1016/j.proci.2020.05.047 . ©
2020. This manuscript version is made available under the CC-

http://dx.doi.org/10.1016/j.proci.2020.05.047


BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
nc-nd/4.0/

Download date 23/05/2023 20:09:20

Link to Item http://hdl.handle.net/10754/664391

http://hdl.handle.net/10754/664391


1 

 

Understanding multi-stage HCCI combustion caused by thermal 

stratification and chemical three-stage auto-ignition 

Moez Ben Houidi*a, Abdullah AlRamadan a, Julien Sottonb, Marc Bellenoueb, S. Mani 

Sarathy a, Bengt Johanssona 

a King Abdullah University of Science and Technology (KAUST), CCRC, PSE, Thuwal 23955-6900, Saudi Arabia. 

b ISAE-ENSMA, Institut PPRIME, departement Fluide Thermique Combustion, BP 40109, Teleport2, 1 avenue Clement Ader, F86961 

Futuroscope Chasseneuil-du-Poitou Cedex, France. 

 

*corresponding author. E-mail address: moez.benhouidi@kaust.edu.sa 

Keywords: RCM, three-stage auto-ignition, n-heptane, n-hexane, HCCI. 

Abstract 

The Homogeneous Charge Compression Ignition (HCCI) concept shows great potential for improving engine 

efficiency and reducing pollutant emissions. However, the operation with this concept in Internal Combustion (IC) 

engines is still limited to low speed and load conditions, as excessive Pressure Rise Rates (PRR) are generated 

with its fast auto-ignition. To overcome this limitation, the use of moderate thermal and charge stratification has 

been promoted. This leads to multi-stage ignition, and thus a potentially acceptable PRR. Recently [1], three-stage 

auto-ignition has been emphasized as a chemical phenomenon where the thermal runaway is inhibited during the 

main ignition event. The current paper demonstrates experimental evidence on this phenomenon observed during 

n-heptane and n-hexane auto-ignition at lean diluted conditions in a flat piston Rapid Compression Machine 

(RCM). Multi-stage ignition events caused by either chemical kinetics or by the well-known thermal stratification 

of this type of RCM are clearly identified and differentiated. The combination of these two factors seems to be a 

suitable solution to overcome PRR limitations. 

1. Introduction 

The homogeneous charge compression ignition (HCCI) concept has been extensively studied [2-4], as it is a 

potential technology to improve efficiency and to reduce emissions of internal combustion (IC) engines. Engine 

operation with this mode has been limited to relatively low loads for two major reasons: (i) the control of the 

combustion timing, which is mainly dependent on the fuel/air mixture reactivity [5, 6] and (ii) the excessive 

pressure rise rate (PRR), which increases too much the noise level and the knock intensity [7]. In addition to 
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reactivity controlled compression ignition (RCCI) [8], the use of charge stratification has been one of the major 

solutions proposed to overcome these limitations [9, 10]. All these technologies aim at generating multi-zone auto-

ignitions and thereby control the overall combustion phasing. 

The stratification of the charge, with temperature and composition heterogeneities, is different from the 

chemically driven multi-stage auto-ignition. The latter is typically associated in the literature with two-stage heat 

release (HR), a feature of alkane auto-ignition [5, 11]. The ignition initiates by a low-temperature heat release 

(LTHR) stage driven by the decomposition of highly oxygenated intermediates [12]. The negative temperature 

coefficient (NTC) chemistry, identified by the production of olefins and HO2 radicals from RO2, inhibits the low-

temperature chemistry from proceeding to thermal runaway [12]. After that, the main ignition event occurs with 

higher absolute heat addition. The production of OH radicals from H2O2 decomposition, radical chain branching 

from H+O2, and oxidation of CO to CO2 are the main contributors to high-temperature heat release (HTHR). Some 

studies have reported an auto-ignition phenomenon with an additional third HR stage described as intermediate 

temperature heat release (ITHR) [13-15] or delayed HTHR [16, 17]. These studies either attribute the added HTHR 

stage to thermal stratifications, inhibition of reactivity due to radicals for dual fuel mixtures, or transport 

phenomenon. Sarathy et al. [1] recently reported a purely chemically-driven three-stage auto-ignition observed 

with lean n-heptane mixtures at low temperatures. In [1], the HTHR is divided into two stages where reactivity is 

suppressed by H, OH, and HO2 radical termination pathways. It is worth highlighting that the ITHR reported in 

[14, 15, 18] and the three-stage HR reported in [1] are two different phenomena. The ITHR occurs between the 

first stage (LTHR) and second stage (HTHR), where the temperature corresponding to it is in the range of 850 K 

to 950 K depending on the conditions. However, the three-stage HR is rather a splitting of the HTHR, where the 

second stage occurs at a temperature higher than 1150 K. Indeed, this difference in temperature at which these 

phenomena exists points to distinct chemical kinetic phenomenon governing each.  The ITHR is governed by low 

and intermediate radical chain branching/termination reactions involving QOOH radicals.  However, the three-

stage HR observed in [1] is governed by HO2 and OH radical recombination reactions at high temperature. To the 

authors’ knowledge, no studies have been reported previously on how chemically driven multi-stage HR is clearly 

differentiated from the multi-stage ignition caused by charge stratification. 

This paper focuses on investigating chemically driven multi-stage HR in a flat piston RCM, where thermal 

stratification has been previously demonstrated and characterized [19-21]. RCMs have been widely used for the 

study of fuel’s chemical kinetics [22, 23]. It is well known that the use of a flat piston generates significantly higher 

temperature stratification inside the RCM chamber, which affects ignition delay measurements [21, 24-26]. This 
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has motivated the use of piston crevice, which has greatly simplified the development and validation of detailed 

chemical mechanisms [22, 23]. Nevertheless, the crevice volume has to be optimized to effectively suppress the 

temperature heterogeneity generated by the roll-up vortices in a wide range of test conditions [27-29]. Besides, a 

substantial mass flow to the crevice during the combustion may significantly influence the measured ignition 

delays [30]. This motivated to use the crevice containment concept [31-33], which may further facilitate the 

validation of chemical kinetic simulations. 

In the following, the experimental setup and simulation methods will be first presented. The experimental 

results report pressure and chemiluminescence intensity profiles. The simulation results show the concentration 

profiles of the main species involved in chemically driven two-stage and three-stage auto-ignition. 

2. Methodology 

2.1 Flat piston RCM 

Experiments are performed in the RCM of PPRIME Institute in Poitiers. A schematic of this device is presented 

in Figure 1. The operation of this facility is detailed in previous studies [21, 34-36]. The RCM has a particular 

square section chamber and optical access through flat sapphire or quartz windows. This has the advantage of 

allowing optical diagnostics without the need for image distortion correction. In the current work, the RCM is 

operated at a compression ratio of 9, which corresponds to a chamber volume of 132 cm3 at the top dead center 

(TDC). A lateral cross-section view of the RCM combustion chamber is illustrated in Figure 2. The in-cylinder 

pressure is acquired at 100 kHz with a piezoelectric transducer coupled to a charge amplifier where no-hardware 

filtering was used. The pressure signal is converted to absolute pressure then filtered using a low pass finite impulse 

response (FIR) filter set to a threshold of 5 kHz. For later analysis, the PRR is defined as the time-derivative of the 

filtered pressure dP/dt, which is also filtered using the same low pass FIR filter with a threshold of 3 kHz. As the 

RCM chamber is kept at a constant volume after the end of compression (EOC), the heat release rate (HRR) can 

be modeled as follows:  

𝐻𝑅𝑅 =  
𝑑𝑄

𝑑𝑡
=

1

𝛾−1
𝑉

𝑑𝑃

𝑑𝑡
+

𝑑𝑄ℎ𝑡

𝑑𝑡
     (1) 

Where γ is the heat capacity ratio, V is the volume, and Qht is the heat loss. As demonstrated in [37, 38], the 

heat transfer is negligible compared to the heat of combustion, and the HRR is expected to be highly proportional 

to the PRR. Thus, the peaks of the HRR can be easily detected by identifying the peaks of the PRR. In the 

following, the PRR will be used to identify the type of multi-stage ignition. This parameter has also the benefit of 

indicating the noise propensity of the combustion, which is considered as one of the main limitations to operate 

IC engines at HCCI mode. 
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The current work is focused on the auto-ignition of lean diluted n-heptane and n-hexane reactive mixtures at 

low to intermediate temperatures. The test conditions are detailed in Table 1, where also the measured ignition 

delay times (IDT) are reported. In all studied cases, the equivalence ratio and O2 concentration have been fixed, 

respectively, at 0.4 and 16.1 %mol. All tests are repeated at least three times to check the consistency of results. 

In Table 1, 1, 2, and 3 correspond respectively to the IDT of the first, second, and third stage. These delays are 

defined as the time gaps between the EOC and the peak of PRR corresponding to each stage. During these tests, a 

CMOS fast camera is focused on the central plane of the RCM chamber to record chemiluminescence at a frame 

rate of, respectively, 28 kHz and 42 kHz for n-heptane and n-hexane cases. A Sigma lens with a focal length of 

105 mm at 2.8 is used, which allows a field depth of approximately 40% the size of the combustion chamber. No 

selective filters have been used in the current configuration. 

The internal aerodynamics of the flat piston RCM in PPRIME institute has been extensively studied [19, 20]. 

The previous characterization has demonstrated how the roll-up vortices, generated by the piston motion, mix the 

cold boundary layer with the adiabatically compressed gases. Two-dimensional temperature fields from planar 

laser-induced fluorescence (PLIF), performed at test conditions similar to the current study, have been reported in 

[21]. This analysis identified the location of these two distinctive zones during the post-compression period. In 

[21], it has been demonstrated that up to 48 ms after TDC, the adiabatically compressed gases are located in the 

upper areas of the chamber, while the colder gases entrained by the roll-up vortices are still in the bottom and 

central sides of the chamber. In [39], additional investigation using thin-wire thermometry has demonstrated that 

the adiabatic core hypothesis is valid up to approximately 70 ms after TDC (at the same test conditions). This 

characterization allowed studying the thermo-kinetic interactions caused by these temperature heterogeneities. 

 

Figure 1. Schematic of the PPRIME institute RCM: (1) Hydraulic cylinder, (2) Cam, (3) Guiding wheel, (4) Brake 

system, (5) Return pneumatic cylinder, (6) Piston/cylinder, (7) Combustion chamber. 
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Figure 2. Illustration of the cubic shape combustion chamber of the RCM. 

Table 1. Summary of experimental test conditions and results. Φ, Pc, and Tc are respectively the equivalence ratio, the 

pressure, and the adiabatic core temperature at TDC. 

Fuel 
Composition 

(Fuel/ O2 / N2 / Ar %mol) 

Φ 

(-) 

ρ 

(kg/m3) 
Pc  

(bar) 
Tc  
(K) 

1 

(ms) 
2 

(ms) 
3 

(ms) 

n-heptane 0.59/16.1/59.65/23.66 0.4 9.3 15.7 699 1 ± 0.1 6.2 ± 0.2 7.1 ± 0.3 

n-hexane 0.68/16.09/59.64/23.59 0.4 9.1 15.7 703 1.8 ± 0.1 6.8 ± 0.2 7.5 ± 0.2 

n-hexane 0.68/16.09/27.81/55.42 0.4 9.1 15.6 791 -3.4 ± 0.1 0.8 ± 0.2 - 

 

2.2 Chemical kinetic modeling 

Detailed chemical kinetic simulations were performed for all the test conditions of Table 1. The updated n-

heptane kinetic model of Zhang et al. [40], composed of 1268 species and 5336 reactions, is implemented in 

CHEMKIN PRO and used for the simulation with the homogenous batch reactor model. The same kinetic model 

was used to simulate both n-heptane and n-hexane mixtures. Effective volume profiles were considered for the 

simulations [22]. This effective volume is deduced from the compression of an inert gas mixture performed at 

similar test conditions. The adiabatic core temperature profile of the inert run is calculated using the following 

equation: 

 


Tc

T

c

P

P

T

dT

0

)ln(
1 0


     (2) 

Where T0 and P0 are, respectively, the initial temperature and pressure. The volume is then deduced based on 

the ideal gas assumption. At the EOC, the effective volume is larger than the geometrical one and increases 

progressively in the post-compression period. With this simplified method, the heat losses of the RCM are partly 

considered in the simulation. It was checked that the temperature and pressure profiles of experiments and 

simulations are in excellent agreement. The PRR is also calculated from the pressure profile of simulation. It is 

worth noting that the simulated PRR was filtered similarly to the experimental case. 

3. Results 

3.1 Evidence of three-stage auto-ignition  
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The auto-ignition behavior of n-heptane at a Tc of 699 K is detailed in Figure 3. This schematic shows a 

sequence of chemiluminescence images recorded during the HTHR period. At the upper side of these images, the 

pressure profiles are reported with an indication (by a solid red line) of the instant at which the image was recorded. 

On the bottom of the images, the intensity profiles in the central line (location identified with a dashed line) are 

reported. The PRR clearly shows a staged auto-ignition where three steps are easily identified by tracking the local 

maxima. The first peak corresponds to LTHR, while the second and third correspond to HTHR. Figure 3 

demonstrates that the chemiluminescence signal is not detected, up to the start of the second stage ignition. A weak 

chemiluminescence intensity is then observed in the upper area of the RCM chamber at the second stage (t = 6.2 

ms). The intensity significantly increases with the onset of the third stage ignition in the same location inside the 

chamber. The auto-ignition in the bottom part, which corresponds to the auto-ignition of the colder gases in the 

roll-up vortices, is observed after the third stage ignition. As demonstrated in [21, 39], the combustion propagation 

in the current case is mainly dominated by the reaction front propagation regime [41], also called ‘spontaneous 

ignition front’ in the literature. Figure 3 demonstrates that the sequential auto-ignition imposed by thermal 

stratification inside the RCM chamber is not correlated to the three-stage observed on the PRR. Thus, the staged 

PRR is a chemically driven phenomenon. 

 

Figure 3. Comparison of pressure traces and chemiluminescence during a three-stage auto-ignition of n-heptane lean 

diluted mixture (Tc = 699 K). 

To corroborate the above result for n-heptane, the same test condition has been reproduced with n-hexane. The 

analysis, reported in Figure 4, is focused on the main ignition. The auto-ignition of a lean diluted n-hexane mixture 

at a Tc of 703 K also demonstrates a similar three-stage PRR. In Figure 4, the chemiluminescence images are 
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compared to the PRR during the HTHR, while the local intensity profiles are reported in the same graph. The local 

chemiluminescence is averaged on a 3x3 mm2 area, in the upper side (referred to as “Chem. 1”) and in the bottom 

side (referred to as “Chem. 2”). It is demonstrated that the local chemiluminescence profile, corresponding to the 

auto-ignition of the adiabatically compressed gases, has an intensity peak synchronized with the third-stage 

ignition. The local chemiluminescence profile at the bottom of the chamber has its peak after the third ignition and 

does not induce a fourth peak in the PRR. This fact also proves that this phenomenon is different from the 

sequential auto-ignition that has been investigated in [21, 39].  

 

 

Figure 4. Illustration of the multi-stage auto-ignition of a lean diluted n-hexane mixture (Tc = 703 K). 

When increasing the compression temperature of the lean diluted n-hexane mixture up to 791 K, the auto-

ignition has only a two-stage PRR as demonstrated in Figure 5. In Figure 6, the multi-stage auto-ignition of this 

higher temperature case is illustrated similarly to the previous case of Figure 5. Here, the HTHR stage shows only 

a single stage, and the peak PRR is synchronized with the peak of the local chemiluminescence intensity in the 

upper side of the chamber. The intensity profiles have a sharper increase compared to the lower temperature case 

of Figure 4. All of the aforementioned experimental facts demonstrate that the three-stage auto-ignitions observed 

at lean diluted conditions and compression temperatures of approximately 700 K are different from the sequential 

auto-ignition caused by thermal stratifications. In the following, detailed chemical kinetic simulations are 

presented for the n-hexane cases illustrated in Figure 4 and Figure 6. The model assumes a perfectly homogeneous 

temperature of the compressed reactive mixture, which further allows making a clear differentiation between the 

two phenomena. 
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Figure 5. Pressure profiles demonstrating the multi-stage auto-ignition of n-hexane air mixture at 9.1 kg/m3 density and 

different target temperatures: (a) overview of compression and auto-ignition, (b) zoom on the main ignition. 

 

Figure 6. Illustration of the multi-stage auto-ignition of a lean diluted n-hexane mixture (Tc = 791 K). 

3.2 Experiments to simulation comparison 

The simulation results of n-hexane cases are presented in Figure 7 and Figure 8. These figures show the 

concentration profiles of the main species/radicals (CH2O, HO2, OH, and CO) that drive the various auto-ignition 

stages. The simulated concentrations of excited CH (CH*) and excited OH (OH*) are also reported together with 

simulated and experimental PRRs. Figure 7 demonstrates that the model predicts the experimentally observed 

three-stage PRR at 703 K with a small delay of approximately 2 ms compared to experiments. This is additional 

evidence that the observed phenomenon in experiments is chemically driven since the simulations do not account 

for any thermal stratification. The second and third peaks of the PRR are synchronized, respectively, with the 

peaks in the concentration of CH* and OH*. The maximum concentration of CH* is two orders of magnitude 

lower than that of OH*, which explains the weak chemiluminescence signal observed at the second stage in the 

cases of Figure 3 and Figure 4. During this main ignition split in two sub-stages, the concentration of CH2O, CO, 

and HO2 decreases progressively. The concentration of these radicals shows a sharper decrease in the higher 
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temperature case of Figure 8, where HTHR shows only one-stage of ignition. The moderate decrease in the CO 

and HO2 is governed by reactions highlighted in [1]. For the slow depletion of HO2, reaction HO2+OH=H2O+O2 

has a large contribution to inhibit the reactivity across the high-temperature auto-ignition stages. Moving toward 

the latest auto-ignition stage, reaction CO+OH=CO2+H drives the fuel/air mixture to thermal runaway. Besides, 

the OH maximum concentration is an order of magnitude higher in the two-stage PRR case. The peak of OH 

radical is synchronized with the final stage in both cases. The chemistry behind the three-stage ignition is fully 

elaborated in [1]. 

The current detailed chemical kinetic simulations using a homogeneous batch reactor are consistent with the 

experimental results. Indeed, the three-stage PRR is a chemically driven phenomenon that is different from the 

sequential auto-ignition induced by thermal stratification. From the simulations, it is demonstrated that the 

maximum PRR of two-stage auto-ignition is four times higher than that of the three-stage case. On the other hand, 

the peak PRR of the simulation is twice higher than that of the experiment. This difference is most likely attributed 

to the sequential auto-ignition phenomenon that has been demonstrated in this flat piston RCM [21, 39]. 

 

Figure 7. Overview of the main species profiles during the three-stage auto-ignition of n-hexane. The dashed line 

represents the experimental PRR. Tc = 703 K. 

 

 

Figure 8. Overview of the main species profiles during the two-stage auto-ignition of n-hexane. The dashed line 

represents the experimental PRR. Tc = 791 K. 
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3.3 Discussion 

So far, we did not see in the market any HCCI engine operating at high loads. This is likely explained by the 

lack of affordable technologies to control the reactivity and PRR of an HCCI mode. Nevertheless, several studies 

in the literature have demonstrated high load HCCI operation, achieved by optimized boosting and delayed phasing 

in [42] and by dual fuel and closed-loop control in [43]. Hence, the combustion phasing of HCCI may be controlled 

by different means: for instance by adjusting the boosting, the intake temperature, the dilution, or the compression 

ratio. However, the chemical kinetics and thermal stratification are the main parameters to control the PRR and it 

is difficult to decouple the effects of these two parameters. 

In the present study, the temperature heterogeneity in the RCM is well characterized and the location of the 

adiabatically compressed gases is well-identified during the auto-ignition. The analysis of chemiluminescence in 

such configuration allowed us to make a clear interpretation of the PRR profile. Thus, we reported experimental 

evidence of a three-stage auto-ignition similar to the one observed in [1] and we demonstrated that this 

phenomenon is governed by chemical kinetics and is not caused by thermal stratification and sequential auto-

ignition. This new finding cannot be demonstrated in engines, where the flow pattern, the temperature 

heterogeneity, and the test conditions are more complex to characterize. Our first results identify the three-stage 

ignition regime at temperatures below 750 K, which is lower than typical levels of HCCI engines. Such low 

compression temperature implies a lower compression ratio, which is not optimal for engine efficiency. This does 

not limit the current study as we focus on the understanding of a new auto-ignition behavior. 

As a perspective, we suggest operating the engine at conditions where three-stage ignition chemistry would be 

predominant. If we can generate such a pattern of heat release, we would ease the control of the engine at HCCI 

mode. There is still a lot to understand about thermo-kinetic interactions and auto-ignition behavior that, from a 

fundamental point of view, is of benefit for IC engines, but also other propulsion concepts such as constant volume 

combustor, lean-premixed gas turbine engines, and MILD combustors. 

4. Conclusion 

This paper demonstrates evidence on three-stage auto-ignition with experiments performed in the flat piston 

RCM of PPRIME institute in Poitiers. The multi-stage ignition is observed when testing n-heptane and n-hexane 

at an equivalence ratio of 0.4 and a compression temperature near 700 K. The reactive mixtures feature a 

conventional two-stage auto-ignition when increasing the compression temperature to 791 K. Comparison of 

pressure profiles, PRR, and local chemiluminescence intensity demonstrates that the staged PRR is not correlated 

to sequential auto-ignition caused by thermal stratification inside the RCM chamber. The chemiluminescence 
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intensity, caused by the auto-ignition of the adiabatically compressed gases near 700 K, shows a small increase 

during the second stage and reaches its maximum at the third stage. This has been explained with detailed chemical 

kinetic simulations as these second and third stages are respectively synchronized with peaks in the concentrations 

of excited CH* and OH* radicals. The simulations show good agreement with experiments and predict the multi-

stage feature with a minor delay. The three-stage auto-ignition reported in the current study is a chemically driven 

phenomenon, which is explained by reactions inhibiting thermal runaway in the HTHR regime. This work opens 

perspectives for trying to achieve three-stage ignition in engines to overcome limitations of HCCI operation by 

lowering the peak PRR. 
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