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Abstract 
 
Homogeneous Charge Compression Ignition (HCCI) engines deliver high thermal efficiency and, 
therefore, low CO2 emissions, combined with low NOX and particulate emissions. However, HCCI 
operation is not possible at all conditions due to the inability to control the autoignition process and new 
understanding is required. A high-swirl low-compression-ratio, optically accessed engine that can 
produce overall fuel lean, axially stratified charge (richer fuel mixture close to the cylinder head was 
achieved using port injection against open valve and homogeneous mixture during injection against 
closed valve timing) was operated in HCCI mode without and with spark-assist mixture ignition. The 
present study investigates the differences in the HCCI autoignition process and the propagation of the 
autoignition front with homogeneous mixture or fuel charge stratification, internal Exhaust Gas 
Recirculation (iEGR) (introduced by utilizing different camshafts) and spark-assisted iEGR lean 
combustion. In order to visualize the HCCI process, chemiluminescence flame images, phase-locked to a 
specific crank angle, were acquired. In addition, time-resolved images of the developing autoignition 
flame front were captured. Proper Orthogonal Decomposition (POD) was applied to the acquired images 
to investigate the temporal and spatial repeatability of the autoignition front and compare these 
characteristics to the considered scenarios. The eigenvalues of the POD modes provided quantitative 
measure of the probability of the corresponding flame structures. The first POD mode showed higher 
probability of single autoignition sites originating from a particular location (depending on the scenario). 
However, the contribution from other modes cannot be neglected, which signified multiple locations of 
the single autoignition and also, multiple sites of self-ignition of the fuel-air mixture. It was found that 
increasing iEGR resulted in random combustion (multiple autoignition sites and fronts), which, however, 
became significantly non-random due to addition of spark-assisted ignition. It was identified in the POD 
analysis of the time-resolved flame images that the presence of inhomogeneity either in the temperature 
or the mixture fraction distribution increases the probability of random combustion during the very early 
stages of flame development. Thus, the fluctuations of heat release is higher during this period.  
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1. Introduction 
 
 With stricter regulations on both heavy and light-duty vehicle emissions, it is not surprising that 
the automotive and oil industry are continuously looking for new fuels and new ways of improving the 
efficiency of Internal Combustion (IC) engines. Homogeneous Charge Compression Ignition (HCCI) – 
also referred to as Active Thermo-Atmosphere Combustion (ATAC), Premixed Charge Compression 
Ignition (PCCI), Homogeneous Charge Diesel Combustion (HCDC), PREmixed lean DIesel Combustion 
(PREDIC) and Compression-Ignited Homogeneous Charge (CIHC) – is one of the most promising 
alternatives to conventional Spark Ignition (SI) combustion and Compression Ignition (CI) combustion. 
HCCI combustion gained significant attention over the last 15 years [1, 2].  
 In IC engines the HCCI combustion can be achieved by premixing the air-fuel mixture (either in 
the manifold or by early Direct Injection (DI) – like in a SI engine) and compressing it until the 
temperature is high enough for autoignition to occur (like in a CI engine). Since under HCCI combustion 
the fuel/air mixture to be ignited does not rely on the use of a spark plug or direct injection near the Top 
Dead Centre (TDC), overall lean mixtures can be used resulting to high fuel economy. Thus, the 
combustion temperature remains low and therefore nitrogen oxide, NOx, emissions decrease significantly 
compared to SI and CI operation [3, 4]. Furthermore, since a homogeneous fuel/air mixture can be 
prepared in the manifold with low equivalence ratios, low soot can be achieved [5]. Under optimum 
operating conditions, HCCI combustion can lead to carbon monoxide (CO) and hydrocarbon (HC) 
emissions comparable to SI and CI combustion. However, under very lean conditions the low combustion 
temperature is low (approximately below 1500K), thus, incomplete combustion can occur in the bulk 
regions leading to partial oxidation of the fuel, low combustion efficiency and increase in CO and HC 
emissions [6]. On the other hand, HCCI combustion with richer fuel/air mixtures leads to knocking. 
HCCI combustion in a production engine is therefore limited by two main regimes [7, 8, 9], viz. (i) lean 
fuel to air ratio limit – leading to incomplete combustion, which results in low power and high HC and 
CO emissions, and (ii) rich fuel to air ratio limit – leading to knocking if the rate of pressure rise is too 
high, which may damage the engine or results in high NOx emissions due to high combustion 
temperatures. Several operational issues with the HCCI engines and the possible strategies for their 
solution have been reviewed earlier (for instance, see [10]). 
 In order to extend the operating limits of the HCCI combustion to a wider load engine speed 
region, control on the ignition timing and the combustion rate is highly desirable [2]. However, ignition 
control is still challenging. The HCCI combustion can be described by the oxidation of the fuel driven 
solely by chemical reactions governed by chain-branching mechanisms [11, 12]. Various strategies have 
been adopted based on adjusting the engine operating parameters, such as the valve timing, Exhaust Gas 
Recirculation (EGR) rate or inlet temperature, in order to control the chemical kinetics of the charge [13, 
14, 15]. However, it is necessary to improve the understanding on the autoignition and combustion 
process under low temperature conditions in order to control the heat release rate to ensure optimal 
performance of the engine and high combustion efficiency [16]. 
 Regardless of the chemical reactions associated with autoignition, the spatial initiation and the 
development or “propagation” of the autoignition sites are of interest. Chemiluminescence and Planar 
Laser Induced Fluorescence (PLIF) imaging of the autoignition phenomenon have shown that 
autoignition starts at various locations throughout the combustion chamber [17, 18] probably due to local 
inhomogeneities. Due to the heat released from the burn regions, the temperature and pressure in the 
cylinder increase, and, therefore, more autoignition sites appear until the whole fuel-air mixture is ignited. 
It has also been shown using both chemiluminescence and formaldehyde PLIF imaging [19] in a highly 
stratified engine (hot Exhaust Gas Recirculation (EGR) gases on one side and cold fresh fuel/air mixture 
on the other) that these autoignition sites initiated neither at the location of the maximum temperature nor 
the location of the maximum fuel concentration, but at the boundary of these two regions. Once the first 
autoignition sites appeared, the double-exposure PLIF and chemiluminescence imaging showed that these 
sites grow in size at different speeds – they can appear to be propagating “flame fronts” in the absence of 
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any other information (i.e. A/F ratio, in-cylinder temperature, “flame front” speed, double-exposure 
timing).  
 In order to better understand the spatial evolution of the autoignition process during HCCI 
operation and the effect of fuel and temperature inhomogeneities on the early stages of HCCI combustion, 
various computational models have been developed. The Partially Stirred Plug Flow Reactor-Interaction 
by Exchange with the Mean Mixing (PaSPFR-IEM) simulation model was used for the investigation of 
combustion of natural gas and it was shown that, with decreasing turbulence mixing time scale, the 
ignition delay was retarded and a steeper pressure rise was calculated. On the contrary, with increasing 
the turbulence mixing time scale, an earlier ignition timing and a moderate temporal pressure rise were 
calculated since the hot areas in the engine did not have time to mix with the colder ones [20]. The 
influence of thermal inhomogeneities on the advancing combustion wave of hydrogen was also studied 
using Direct Numerical Simulation (DNS) [21, 22] and it was found that, in the 1-D case, ignition started 
at the location of highest temperature and propagated towards the colder end-gas. An enthalpy-based 
flamelet technique has also been applied to a Rapid Compression Machine (RCM) operated under HCCI 
conditions [22]. It was found that ignition started at the location of highest enthalpy and that the model 
predicted well the timing of the combustion, peak pressure and rate of pressure rise. It was calculated that 
the increase in temperature is dominated by the chemical reactions at the location of the ignition front, by 
the diffusion term in the unburned gases ahead of the ignition front and by the pressure term in the 
regions far from the ignition front. It was, therefore, concluded that diffusion in enthalpy-space affected 
the HCCI combustion process.  
 Based on the findings in the literature, it is expected that the differences in the temperature 
distribution and/or the charge stratification in a combustion chamber can lead to the differences in the 
HCCI combustion process. However, detail investigation on the propagation of the “autoignition front”  is 
essential to address the consequence on the thermal efficiency and the pollutant emission. From our 
previous work [23, 24], we have shown that altering the injection timing and introducing internal Exhaust 
Gas Recirculation (iEGR) and/or spark discharge lead to the differences in the HCCI combustion, for 
instance, both ensemble-averaged autoignition sites and propagation of the autoignition front were found 
to be different. The aim of the present paper is to apply Proper Orthogonal Decomposition (POD) 
technique [25, 26] to investigate the temporal and the spatial repeatability of autoignition for various 
scenarios of HCCI combustion (with and without iEGR, and without and with spark assisted combustion). 
In addition, the time-dependent behaviour of the autoignition flame front(s) for different scenarios was 
also studied. POD has been used in internal combustion engines, especially to study the in-cylinder flow 
field measured by either Hot Wire Anemometry [27] or mostly by the application of Particle Image 
Velocimetry (PIV) (for example, see [28], [29]). In the above studies, the spatio-temporal flow field was 
decomposed in to sets of spatial modes and corresponding coefficients, which provide a lower order 
description of the flow structures and the related dynamics. Such decomposition allowed temporal 
reconstruction of the modal coefficients to provide continuous space-time description of the flow [30] or 
to decompose the flow field into mean, coherent and incoherent parts [31] such that cyclic variability of 
the flow field could be studied in detail. However, as pointed out by Bizon et al [32], the application of 
POD for analysing light emission images during the combustion process, which can also provide the 
information on cyclic variation phenomena, is rare. These authors applied POD to the light emission 
images of the combustion process in both SI and multi-injection CI engines [32]. They recognised a 
spatial structure of the coherent part of fluctuations of the intensity field, and also, a Gaussian part of the 
fluctuations at the crank angles corresponding to high variability (standard deviation) of the luminosity 
field over the cycles. However, detailed investigation of the autoignition characteristics (especially its 
temporal and spatial repeatability) in HCCI engines is yet to be reported and the present paper attempts to 
address this by the POD analysis of the  chemiluminescence images of the HCCI combustion process. 
 Section 2 of this paper summarizes the equipment used and the methodology employed. Section 3 
presents and discusses all the experimental results viz. POD analysis of HCCI chemiluminescent intensity 
flame images. Finally, a summary of the work is presented and the conclusions are discussed in Section 4.  
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2. Experimental Apparatus and Methodology 
 
2.1 Engine and Engine combustion parameters 
 
 The experiments were conducted in a four-stroke, single-cylinder, optically-accessed SI engine 
with a four-valve, pentroof-type, cylinder head (Fig.1). The Compression Ratio (CR) of the engine was 
7.9, and stratification was achieved through a Single Over-Head Camshaft (SOHC) Variable valve 
Timing and lift Electronic Control (VTEC) mechanism for the inlet valves. The engine has similar 
characteristics to the Honda VTEC-E 1.5 litre, mass-production SI engine that typically operates with an 
A/F ratio of 22 under 3000 Revolutions Per Minute (RPM) at low power. When one of the two inlet 
valves was partially deactivated through the VTEC mechanism, swirl and tumble motions were 
introduced into the flow to promote axial fuel stratification [33, 34]. A commercial twin-jet air-assisted 
injector was used and the global A/F ratio was adjusted by altering the injection duration and was 
monitored by a Linear Air-to-Fuel (LAF) sensor mounted in the exhaust manifold. A more detailed 
description of the engine configuration and components can be found elsewhere [35]. 
 The Honda engine operated under HCCI conditions under two basic modes of operation. (i) 
without iEGR and with inlet air heating, and (ii) with iEGR and atmospheric air intake temperature. 
Before the engine could be operated in HCCI combustion mode, it was warmed up to 60°C and operated 
under SI combustion for 5-10 minutes. It was found that the engine temperature affected HCCI 
combustion and that on cold days (i.e. when the room temperature was less than 20°C before the start of 
the experiments), HCCI combustion was hard to achieve due to the low Compression Ratio (CR) of the 
engine. Furthermore, for the cases where the engine was operated without iEGR, it was not possible to 
achieve direct transition from SI to HCCI operation at 1500RPM. So we had to run the engine at 
1200RPM under SI operation, switch to HCCI operation (by switching off the ignition) and subsequently 
slowly increase the engine speed to 1500RPM. With iEGR, no SI to HCCI transition region above 
600RPM was possible because the switch from SI to HCCI operation was performed manually (i.e. by 
switching off the spark and altering the fuel flow). Thus, all experiments with iEGR were conducted at 
600RPM. The iEGR was affected by changing the camshaft of the engine (see SAE 2006-01-3273 for 
more details and drawing). 
 

 
Fig. 1. Engine Configuration. BKR-4 single cylinder VTEC_E Research Engine 
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 The operating conditions used throughout the experiments are summarised as follows: fuel n-
heptane, engine speed 600 and 1500RPM, wide open-throttle, inlet pressure 0.985bar, inlet temperature 
Ti=25 and 210°C, A/F ratio 18 and 23, start of injection either 30° crank angle (CA) after Intake TDC 
(ITDC) or 180°CA after ITDC, with ignition timing set at 40°CA before Firing TDC (FTDC) with no 
skip-firing. iEGR was achieved by altering the camshaft [36]. The first injection timing corresponded to 
injection against open inlet valves that was found to deliver a stratified mixture [35, 36] that extended the 
lean-burn limit of stable operation. The second injection timing corresponded to injection against closed 
inlet valves that was found to produce a fairly homogeneous mixture that cannot be ignited consistently 
for A/F>21under SI operation [34]. For brevity, we refer to these injection conditions as “open-valve” and 
“closed-valve” injection timings respectively throughout this paper. All the operating conditions are 
presented in Table 1, where all the considered scenarios are also shown. 
 

Table 1. Scenarios under investigation 

Scenario A/F Inlet 
gas 

T/°C 

RPM Injection 
Timing 

iEGR 
(%) 

Spark 
Discharge 

High 
speed 

Imaging 
1 23 210 1500 Closed 0 No Yes 
2 23 210 1500 Open 0 No Yes 
3 17 110 600 Closed 40 No Yes 
4 17 110 600 Open 40 No No 
5 18 25 600 Closed 60 No No 
6 18 25 600 Closed 60 Yes No 

 
2.2. Imaging system 
 
 Images of the chemiluminescent intensity emitted from the flames were recorded through the 
piston crown of the combustion chamber of the BKR-4 research engine, as shown in Fig. 2. Two different 
cameras were used, namely a high-resolution camera (HAMAMATSU C3077) to record the location of 
HCCI autoignition and a high-speed camera (KODAK HS 4540) to record the propagation of the 
“autoignition front”. The alignment of the optical arrangement was carefully achieved, so that the flame 
images were orthogonal to the CCD array of the camera and, in this way, the highest possible 
magnification could be achieved. Further details on the acquisition of images of the chemiluminescent 
intensity emitted from the flame can be found in a previous paper [24]. It is noted that the 
chemiluminescent intensity was recorded over the range of wavelengths of 300 to 550 nm, which has 
been shown to follow the heat release rate of the combustion process fairly well [37−40]. 
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Fig. 2. Acquisition of chemiluminescent intensity images through the window on the piston using either 
the low frame rate or the high frame rate CCD Cameras with the same lens system. 
 
 The HAMAMATSU C3077 Charge Couple Device (CCD) camera was initially used to record 
high-resolution flame images. The camera was connected to a frame grabber and the images were 
digitized with 8-bit resolution into 256 greyscales with a size of 768 × 576 pixels. Due to the 25 frames 
per second framing rate of the CCD camera, only one image per consecutive engine cycle was acquired. 
The exposure time was altered by varying the gating of the image intensifier, which was kept same for all 
experiments. The gain of the intensifier was optimally chosen and also maintained constant. It was found 
that triggering pulses of 1° CA were adequate to record the chemiluminescent intensity images such that 
it ensured that there was no imaging blurring and/or saturation, and also, the spatially separated multiple 
autoignition sites could be distinctly observed without bias. High-speed flame images through the piston 
windows were acquired using an 8-bit KODAK HS 4540 CCD camera. The KODAK HS 4540 camera 
could operate under two modes. The first one, triggered, under which only four images could be acquired 
per triggering event, and the second one, untriggered, under which up to 12,000 frames could be acquired 
depending on the frame rate. The resolution of the camera was 256×256 up to a frame rate of 4,500Hz 
and decreased with increasing frame rate. In order to be able to record the flame images for the whole 
duration of the combustion process, which lasted approximately 1ms, the camera was operated in the 
untriggered mode and at a frame rate of 13,500Hz with a resolution of 128×128. At a frame rate of 
4,500Hz with maximum resolution, the combustion duration was captured in approximately five images, 
which did not provide enough information for the start and development of the autoignition front. It is 
noted that in this paper we compare results from different scenarios based on the images from the same 
cameras/settings/etc, and thus the “camera” parameters did not affect the results. Also, there was no post-
processing of the images.  
 Both CCD cameras coupled with a variable-gain gated image intensifiers (Hamamatsu C4273) 
and UV-transparent lenses (UVNikkor 105 mm, f/4.5), were used for flame imaging. The intensified 
CCDs were able to detect the chemiluminescent emissions from the flames generated during lean-burn, 
low-load operation, which are not easy to detect otherwise [41]. Due to the fact that chemiluminescent 
intensity is mainly emitted at around 310nm [42], which corresponds to emitted light from OH* radicals, 
both a UV-transparent and an intensifier with extended sensitivity at that range were required for flame 
imaging. Finally, the orientation of the cylinder head in all the subsequent figures presenting in-cylinder 
images acquired by the two cameras is the same as in Fig. 3, which shows the inlet and exhaust valves, 
while the secondary inlet valve denoted with a cross. 
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Fig. 3. Background Image acquired using the HAMAMATSU C3077 CCD camera. White Cross 
indicates VTEC inlet valve. The same coordinate system and image orientation are used for all the 
reported results. 
 
 
2.3. Proper Orthogonal Decomposition (POD)  
 
 Proper Orthogonal Decomposition, or POD, is a powerful and elegant method of data analysis. 
Based on Karhunen-Loeve procedure of probability theory ([43], [44]), POD aims at reducing the 
dimensionality of a data set, while retaining as much as possible the variations present in it. The basic 
idea behind POD is to describe a given statistical ensemble with minimum number of deterministic 
modes.  
 Consider an ensemble of instantaneous image luminosity or intensity data, i.e. ),( xtI  (where ‘t ’ 
and ‘x ’ are two independent variables denoting time and space respectively). Here, M is the total number 
of samples and N is the total number of data points in each sample. From a mathematical point of view, 
POD decomposes ),( xtI  into a sum of product of spatial eigenvectors ( )j xφ  and temporal 

coefficients ( )ija t , so that  

              )x(jj)t(
r

1j
ija)x,t(I φλ∑

=
=              (1) 

where i = 1 to M,  j = 1 to N, jλ  represents the eigenvalue corresponding to each eigenvector ( )j xφ , and 

r  is the rank of the matrix [ ]MNI  so that min( , )r M N= . Thus, the POD modes (jφ ) represent the 

average spatial features of the whole ensemble, while the corresponding coefficients 

)........,( 21 rjjjjjj aaa λλλ  signify their ‘‘weight’’ for the time instants i = 1, 2, ..., M respectively.  

 The eigenvalues jλ  are obtained by solving the eigenvalue equation, Rφ λφ= , under the 

restriction that the norm of jφ  is 1, where R is the spatial cross-correlation matrix of size N×N. However, 

when M<<N , as in the present case, the calculation time can be dramatically reduced if the temporal 
cross-correlation matrix [ ]T MMR corresponding to two different time instants t and t* is evaluated instead 

of [ ] NNR  such that. 

         
1

1
( , *) ( , ) ( *, )

N

T k k
k

R t t I t x I t x
N =

= ×∑                                                 (2) 

 This numerical procedure, proposed by Sirovich [27], is popularly known as the “method of 
snapshots”. The solution TR a aλ=  leads to the orthonormal temporal coefficients ( )ija t  corresponding 

to eigenvalues jλ . The symmetry and non-negative definiteness of RT ensures 0jλ ≥ . The eigenvectors 
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are obtained from the inverse relation, ∑
=

−=
M

i
iijjj Ia

1

5.0λφ . The eigenvalues are ordered as 1j jλ λ +≥ , and 

the corresponding coefficients (ija ) and modes ( jφ ) are also arranged accordingly. Hence, the first mode 

1φ  always represents the maximum spatial variations of chemiluminescent intensity luminosity. 

 The significant advantage of POD is that due to its fastest convergence property, the number of 
energetically significant modes is minimum. Hence, the original intensity data can be reconstructed using 
only few modes, instead of considering all of them, such that 

   )x()t(a)x,t(I jj

optr

1j
ij φλ∑

=
≈ , ropt<M                                              (3) 

 In other words, only few number of modes, ropt (much less than the total number of modes, M), 
need to be considered for the data analysis. The mean or average of individual chemiluminescence images 
I (t, x), denoted as ‘µ’ can be expressed as 

               j

optr

1j
jφαµ ∑

=
≈ , jijaj λα =                                                                                                (4) 

where overbar denotes averaging in time. Thus, the instantaneous fluctuations of image intensity becomes  

          ∑
=

≈−
optr

1j
j

/
jI φαµ , j)ijaija(/

j λα −=                                                                             (5) 

 Hence, both mean and fluctuations of flame luminosity can be represented as a linear 

combination of POD modes. Though, the coefficients jα  and 
/

jα  do not satisfy orthonormality 

condition. 
 
 3. Results and Discussion 
 
 For each scenario of Table 1, 50 flame chemiluminescence images of the early stage HCCI 
combustion are captured by the CCD camera through the piston crown and are phase-locked to a specific 
crank angle. It should be noted that based on previous work [36], it is evident that there is limited 
variability in the ensemble averaged results of autoignition location for various sets of experiments, and 
the ensemble average results remained nearly unchanged when averaging over 30 images. Fig.4 (a−f) 
respectively present typical flame images for different scenarios in pseudo-colour imposed on the 
background image of the engine cylinder head (see Fig. 3, which was acquired without fuel injection. In 
this way, a very good perspective of the autoignition behaviour in the combustion chamber was gained. 
Each image was acquired at the same CA at different combustion cycles. It should be noted that flame 
images do not represent consecutive cycles. More images of the autoignition process in the single cylinder 
engine can be found elsewhere ([24], [36]). From the flame chemiluminescence images it was recognized 
that, in the case of closed-valve injection timing (leading to homogeneous charge) without iEGR 
(Scenario-1), autoignition mostly started under the primary intake valve near the cylinder wall, while in 
the case of open-valve injection timing (leading to axially stratified charge) without iEGR (Scenario-2), 
autoignition often started between the exhaust-valve and the secondary intake valve, closer to the centre 
of the piston. With increasing iEGR (Scenario - 3 and 4), more random development of the autoignition 
sites was observed, while little evidence of spatial preference in the formation of the autoignition sites 
was found for closed valve injection with 60% iEGR (Scenario-5). However, with the introduction of 
spark-assisted ignition (Scenario-6) for the 60% iEGR case, the autoignition started nearly at the same 
location closer to the spark-plug and thus, a spatial preference was observed. 
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Fig. 4. Typical Images of early development of autoignition as seen through the Piston Crown. Images are 
in false-colour. The coordinates of the graphs are according to the image of Fig. 3. Note that injection 
against a closed valve represents homogeneous charge and injection against an open valve represents 
axially stratified charge. (a) Closed-valve Injection Timing, 15° CA after TDC, Ti=210°C, A/F=23 (b) 
Open-valve Injection Timing, 18° CA after TDC, Ti=210°C, A/F=23 (c) 40% iEGR Closed-valve 
Injection Timing, 15°CA after TDC, Ti=110°C, A/F=17 (d) 40% iEGR Open-valve Injection Timing, 
10°CA after TDC, Ti=110°C, A/F=17 (e) 60% iEGR, Closed-Valve Injection Timing, 17°CA after TDC, 
Ti=25°C, A/F=18 (f) 60% iEGR, Closed-Valve Injection Timing, 20°CA bTDC, Ti=25°C, A/F=18.  
 
3.1 Probability Distribution of the Number of Autoignition Sites 
 
 Even though the variability of the location of the HCCI autoignition sites has been previous 
documented ([24], [36]), the variability in the number of autoignition sites was never further investigated. 
Large variability of the number of autoignition sites may indicate large variations in, for example, mixture 
preparation or local mixture temperature, which may influence engine operation. In order to assess the 
probability of number of autoignition sites for different scenarios considered in the present work, the 
numbers of distinct and non-adjacent locations corresponding to maximum chemiluminescent intensity in 
the images are manually estimated through observation of the images. For each scenario, the 50 flame 
chemiluminescence images are considered, which correspond to early stages of autoignition as mentioned 
before. Since the onset of autoignition is random with respect to the crank angle at which the images (for 
any specific scenario) were captured, the acquired images are random and statistically uncorrelated with 
respect to each other. The probability distribution of the number of early distinct HCCI autoignition sites 
for the various scenarios is presented in Fig. 5. It can be observed that for both closed and open valve 
injection timings without iEGR, only one autoignition site is more likely (the corresponding probability is 
0.4─0.5), while the probability of the charge autoigniting at more than three sites is very low. With 
increasing iEGR (in conjunction with low inlet temperature and low engine speed), it can clearly be seen 
that the probability of autoignition at more than one location increases. Furthermore, in the case of closed-
valve injection timing with 60% iEGR, the probability of single charge autoignition is only 0.2, which, 
however, significantly increases up to 0.8 when spark discharge is introduced. This means that the 
recirculation of the exhaust gases and the introduction of the spark discharge have opposite effect on self-
ignition characteristics of the charge. 
 Though the above discussion provides a gross estimate of the probability of the number of 
autoignition sites, the repeatability of the self-ignition characteristics within the cylinder is unknown. For 
instance, a single autoignition can occur at different positions (with respect to the inlet and exhaust 
valves) at different time instances (image samples). In such cases, it is important to understand if there are 
any preferences at the locations of autoignition. Since there are uncertainties in identifying the locations 
of the distinct and the non-adjacent autoignition sites with the above approach based on visual inspection, 
it is difficult to objectively quantify the corresponding repeatability, and, moreover, to distinguish the self 
ignition characteristics for different scenarios of HCCI combustion investigated in the present study. This 
is achieved by proper orthogonal decomposition (POD) of the chemiluminescent intensity of ignition 
images following the method described in Section 2.3 previously. The results of the POD analysis are 
presented and discussed in the following section. Here, we note that the application of POD is not 
essential to deduce the cause of random autoignition, which is due to inhomogeneous temperature and 
mixture fraction. However, POD provides a logical pathway to quantify the degree of randomness, and to 
compare the “importance” of random autoignition relative to the average behavior, represented by the 
mean chemiluminescence image. Also, comparison of the POD modes and the corresponding eigen 
values for different scenarios of HCCI combustion investigated in the present study aids distinguishing 
the respective self-ignition characteristics.  
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Fig. 5. Probability distribution of the number of early distinct HCCI autoignition sites for the various 
scenarios (red bars for Closed-valve Injection Timing and no iEGR, green bars for Open-valve Injection 
Timing and no iEGR, blue bars for Closed-valve Injection Timing and 40% iEGR, cyan bars for Open-
valve Injection Timing and 40% iEGR, pink bars for Closed-valve Injection Timing and 60% iEGR and 
yellow bars for Closed-valve Injection Timing, 60% iEGR and spark discharge).  
 
3.2 POD results of chemiluminescent intensity Images  
 
 POD was applied to the flame chemiluminescence image set (M = 50 images) for each scenario to 
obtain the respective spatial eigenvectors or POD modes ( jφ ) and the corresponding eigenvalues (jλ ) 

following the method described in Section 2.3. It was verified that the statistical convergence is attained 
for both POD modes and eigen values for the considered number of images for all scenarios. If the 
luminosity of the images is assumed to be representative of the heat release rate during combustion of the 
charge [40, 45, 46], then jλ  is related to the amount of heat release rate associated to the flame structure 

represented by mode jφ . Fig. 6 shows the cumulative eigenvalues of the POD modes normalized by the 

summation of all eigenvalues ( ∑∑
==

M

j
j

j

j
j

11
/ λλ ) for different scenarios. The larger is the contribution from any 

mode, the higher is the repeatability of the corresponding flame structure (Fig. 7) at the specific crank 
angle. The following trends are identified. 
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Fig. 6. Normalized cumulative eigenvalue contribution ( ∑∑
==

M

j
j

j

j
j

11
/ λλ ) of the POD modes for various 

scenarios of Table 1.  
 

a) For all conditions only about 10 modes are required to capture up to 80-90% of total energy of 
fluctuations of flame chemiluminescent intensity. The contribution from first mode is about 60-70 
% for all cases, except for closed valve injection with 60% iEGR for which it is about 40%. This 
means that the POD Mode 1 should signify the number and the location(s) of dominant 
autoignition site(s). 

b) In general, compared to the closed valve condition, the contribution from the modes decreases for 
the open valve condition, implying more random behaviour of charge ignition for the latter case. 
This is expected because the closed valve injection ensures the presence of more homogeneous 
fuel-air mixture in the engine cylinder and this causes lower probability of random location of 
ignition.  

c) In comparison to the scenarios 1 and 2, the eigen contributions of the different POD modes 
generally decreases for scenarios 3 and 4.  For closed valve injection with 60% EGR (Scenario-5) 
the eigen contribution reduces significantly for all modes. This means autoignition occurs more 
randomly with increasing iEGR, which is accompanied with low engine speed and low inlet 
mixture temperature such that the in-cylinder temperature distribution is not uniform and more 
time is needed for the whole fuel–air mixture to reach its autoignition temperature. Thus, multiple 
areas of higher temperature are present in the engine cylinder promoting the ‘random 
development’ of the autoignition front. This agrees with the probability of observing non-adjacent 
and distinct autoignition sites, as determined in the previous section (Fig. 5).   

d) An exception occurs for open-valve injection, since the contributions from the first and second 
modes are slightly higher with EGR. This implies that recirculation of the exhaust gases tends to 
suppress the large scale inhomogeneity of the air-fuel mixture distribution associated with open 
valve injection, while locally it enhances the affinity for self ignition leading to increased 
randomness. So, although the graphs for the closed and the open valve injection conditions 
without EGR are distinctly observed, for the case with 40% EGR, the two plots nearly overlap.  

e) It is interesting to observe that the random character of the flame structure for the closed valve 
scenario with 60% iEGR again becomes considerably non-random due to addition of the spark 
discharge. 
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 Fig. 7 presents the contour plots of the first five POD modes, and, also the mean or average image 
for each scenario. It should be noted that the numerical values corresponding to each mode (jφ ) are not 

physical, though, after scaling by the scalar jija λ , the quantity jjija φλ  represents the contribution of 

chemiluminescent intensity corresponding to that mode on the image I i. However, the distribution of the 
numerical values in any mode signifies the possible autoignition location(s) and the associated structure 
of the flame. Each contour plot is normalized by the corresponding maximum value. Note that the 
positive and the negative values in the modes (denoted by red and blue colour) may imply either increase 
or decrease in luminosity depending on the sign of the corresponding coefficients, ija . 

 In the present case, for all scenarios the Mode 1 was found to contain only the positive values, 
and also, the corresponding coefficients, 1ia , were always positive. The contribution of 1λ  is significant 
(> 60%) except for the closed valve injection with 60% iEGR (scenario̠5 of Table 1), as discussed 
before. Also, the factor 1α  in Eq. (4) was found to be much larger than the α -factors for higher modes. 
This means the 1st mode largely represents the mean or average flame luminosity, which is supported by 
the qualitative similarity between the flame structures in the 1st mode and the average flame images of 
Fig. 7. The peak values of Mode 1 are situated mostly in one region implying that the fuel–air mixture 
tends to autoignite primarily at one location and the flame tends to propagate in a definite direction. The 
charge mostly autoignites, either near the primary inlet valve (closed valve injection without iEGR and 
both open and closed valve injections with 40% iEGR) or at the centre (open valve injection without 
iEGR) and the flame travels from left to right.  
 

 
Scenario       Mean      Mode 1        Mode 2       Mode 3        Mode 4      Mode 5 

 
Closed 

 
Open 

Closed 
40% 
iEGR 

Open 
40% 
iEGR 

Closed 
60% 
iEGR 
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Closed 
60% 
iEGR 
SA 

 
 
Fig. 7. Contour plots of the amplitude of the first five POD modes for various scenarios. The average 
image luminosity for each scenario is shown on left. Each contour plot is normalized by the 
corresponding maximum value. The colorbar range (from blue to red) is (0 ─ 1) for the mean and the 
mode 1, and (-1 ─ 1) for rest of the modes.  
 
 However, for closed valve injection with 60% iEGR (scenario̠5 of Table 1), although the 1st 
mode contains only positive values, the factor 1α  in Eq. (4) is of the same order as 2α  (≈ 4/1α ) and 3α  

(≈ 10/1α ). Thus, the 1st mode alone does not represent the mean. So, the eigenvalue contribution of the 
1st mode is only 40% (Fig. 6). Also, interestingly, as shown in Fig. 7, the 1st mode is not similar to the 
average flame structure and the positions of the maxima are different. While the average image shows the 
peak value near the primary inlet valve, the flame structure represented by the 1st mode indicates that the 
charge autoignites mostly near the secondary inlet valve. Also, unlike the other scenarios, the direction of 
the flame propagation is not so evident in mode 1 and the flame is spread across the cylinder. However, 
igniting the charge with spark discharge considerably affects the combustion characteristics. The random 
autoignition behaviour is ceased as evident from the increased contribution from 1st mode (>60%), and 
the charge autoignites principally at one location (near the spark plug) though the flame travels from right 
to left unlike other scenarios. 
 As mentioned before, the ensemble average of the coefficients ija  i.e. the factors 2α , 3α , etc. for 

higher modes were found to be negligible in comparison to that for the Mode 1 (i.e. 1α ). Also, the 

probability of the coefficients ija  (for any mode jφ , j > 1) having positive or negative values was nearly 

about 50%. Thus, higher modes largely signify fluctuations of image intensity. For any instantaneous 

image, the deviation of the coefficients from mean value (i.e. factor /
jα ; see Eq. 5) for Mode 1 was found 

to be either smaller or greater than the values of /
jα of higher modes. Hence, the consideration of higher 

modes (2nd mode onwards) is important in order to represent spatial variation of autoignition locations and 
also multiple ignition sites, which cannot be observed in Mode 1. It is observed in Fig.7 that for Mode 2 
and Mode 3 the positive and negative values are confined to specific regions indicating two different 
locations of a single autoignition site (depending on the sign of the corresponding POD coefficients). 
Interestingly, the flame topology depicted by Mode 2 appears to be similar for all scenarios. The same is 
true for Mode 3 as well, however, for the scenarios based on closed valve injection with 40% and 60% 
iEGR and without spark ignition the regions corresponding to the positive/negative values are not 
localized rather spatially distributed indicating possibility of more than one site. The second mode shows 
the presence of two peaks but with opposite sign, the positions of which can be different from the peak 
location observed in Mode 1. We emphasize that even if Mode 2 and Mode 3 show two peaks, the peaks 
have opposite sign. This means depending on the sign of the POD coefficients (aij) being positive or 
negative the contribution from a mode i.e. aij Φj is decided. The positive contribution from either peak in 
Mode 2 or 3 indicates a single autoignition site, whose position can be different at different time instants. 
Thus, considering Mode 2 it can be observed that while one of the peaks corresponds to the same location 
as shown by Mode 1, the other peak indicates a spatially different location. This is prominently observed 
for Scenario 5 and 6. Thus, while one of the peaks of Mode 2 corresponds to the same location as shown 
by Mode 1, the other peak indicates a spatially different location. Mode 3 is similar to Mode 2, but can be 
observed to be 90⁰ phase shifted. Thus, Mode 1, Mode 2 and Mode 3 signify the higher probability of one 
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autoignition site though its position is not restricted to a specific location in the cylinder.  Still higher 
modes indicate the presence of multiple autoignition sites. For instance, in case of open valve injection 
(scenario̠2 of Table 1), Mode 4 clearly shows the two ignition locations (either of the two positive or the 
two negative maxima). Mode 5 shows the same, but with a different phase. Here, Mode 4 and Mode 5 
indicate the existence of two distinct ignition sites appearing together. However, for closed valve injection 
(scenario̠1 of Table 1), Mode 5 shows the existence of either two sites (negative peaks) or one site 
(positive peak). So the probability of two ignition sites for closed valve is smaller compared to the open 
valve injection scenario. Also, as found previously, the number of autoignition sites increases with 
increasing EGR in the cylinder. It can be noticed that the length scale of the flame structures tend to be 
smaller for higher modes. This indicates that the structure of the flame is governed by the turbulent eddies 
of the flow, whose length scale is also expected to decrease for smaller eddy sizes corresponding to lower 
turbulent kinetic energy.  
 
3.3 Autoignition Development and its POD analysis 
 
 It should be noted that the images in the previous analysis (Section 3.1) correspond to a specific 
crank angle and the fuel air mixture autoignited at an unknown timing before the image was recorded. 
However, all processed images show the “early stages” of autoignition for each scenario. The 
development rate of the autoignition site(s) was/were different for each operating condition, i.e. with and 
without EGR or spark assisted ignition. So, temporal features of the autoignition flame development 
cannot be discerned, for example, it is not known if the multiple sites of autoignition observed in the 
higher POD modes (see Fig. 7) begin at the same time as the primary site as represented by Mode 1. 
Moreover, direct comparison of the combustion characteristics, for instance, ignition delay, heat release 
rate etc. for the different scenarios, is not possible. Hence, it is essential to capture time resolved flame 
chemiluminescence images corresponding to the whole ignition process right from the beginning of 
autoignition till the end of combustion. In the present work, this is achieved by using high speed 
photography. The measurements are repeated to obtain an ensemble of 24 phase-locked images for any 
given crank angle. As shown in Table 1, three scenarios were investigated – closed valve injection timing 
with no iEGR and with 40% iEGR, and open valve injection timing with no iEGR. The respective typical 
flame image sequences are shown in Fig. 8 to 10. The ‘time’ (τ in ms) corresponding to the sequential 
images is relative to the TDC for all scenarios considered here. The time step was 0.07 ms for all cases. 
 In the above figures, the time required to completely combust the air-fuel mixture corresponds to 
the image number 8 in Fig. 8, the image number 13 in Fig. 9 and the image number 11 in Fig. 10. Thus, it 
is recognized that the autoignition development in other words the reaction rate is slower for scenario-2 
(open value injection) in comparison to that for scenario-1 (closed vale injection), and also, the reaction 
rate is considerably slower for scenario-3 (closed valve injection with 40% iEGR) in comparison to that 
for scenario 1. We note here that the comparison of the results for the scenarios 1 and 2 is straightforward 
since only the injection method is different while all other engine parameters are same (Table 1). Hence, 
the slower reaction rate for scenario-2 is attributed to the inhomogeneous charge distribution as a result of 
the open valve injection. However, for scenario-3 the inlet mixture temperature as well as the engine 
speed were lower (as compared to scenario-1), which reduce the reaction rate. Also, while in one hand the 
iEGR dilutes the charge and so slows down the reaction rate, on the other hand the high temperature of 
the exhaust hot gases increases reaction rate. Though the net reaction rate due to these above effects is 
lower than that for scenario-1, it is not straightforward to conclude if the iEGR, engine speed or the inlet 
temperature plays the most important role.  
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Fig. 8. Temporal sequences of flame chemiluminescent intensity images of HCCI combustion for closed 
valve injection timing recorded at 13500Hz; no iEGR, 1500RPM, Ti=210°C, n-heptane, A/F=23 (scenario 
1 of Table 1). Note that the coordinates of the graphs are according to the image of Fig. 3. 
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Fig. 9. Temporal sequences of flame chemiluminescent intensity images of HCCI combustion for closed 
valve injection timing recorded at 13500Hz; 40% iEGR, 600RPM, Ti=110°C, n-heptane, A/F=17 
(scenario 3 of Table 1). Note that the coordinates of the graphs are according to the image of Fig. 3. 
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Fig. 10. Temporal sequences of flame chemiluminescent intensity images of HCCI combustion for open 
valve injection timing recorded at 13500Hz; no iEGR, 1500RPM, Ti=210°C, n-heptane, A/F=23 (scenario 
2 of Table 1). Note that the coordinates of the graphs are according to the image of Fig. 3. 
 
 For the quantitative analysis of the autoignition flame development, POD was applied to each 
ensemble of 24 images, for each time step. In this case also, the POD modes and eigen values were found 
to be statistically convergent for the considered number of images and scenarios.  The cumulative 
contributions of the eigenvalues obtained for different time instants from the beginning of autoignition are 
shown in Figs. 11, 13 and 15 for the closed valve without iEGR, closed valve with 40% iEGR and open 
valve conditions respectively (scenarios 1, 3 and 2 of Table 1). It is observed in Fig. 11 that for closed 
valve injection timing, the cumulative contribution from the eigenvalues of POD modes increases with 
time. This is expected, since the eigenvalue of the 1st mode remains much higher than that of the other 
modes from the beginning of combustion and the 1st mode represents only one autoignition site (see Fig. 
12, which presents the flame structures for the first five POD modes at different time instances). Hence, 
as the autoignition flame develops, more fuel-air mixture undergoes combustion and the tendency for the 
mixture to randomly self-ignite ceases. Notice that only the first few time instants correspond to the early 
stage of combustion. Specifically, the cumulative eigen spectrum and the POD modes for τ = 0.222 ms 
can be observed to resemble the corresponding plots for the random images for closed valve injection 
(scenario̠1 of Table 1) in Figs. 6 and 7 respectively. Considering the flame development for earlier time 
instants (before τ = 0.222 ms), the flame structure of the 1st mode confirms that the autoignition mostly 
originated near the primary inlet valve. However, at very early stage of combustion for τ = 0.074 ms, 
Mode 3 indicates that the self ignition can also alternatively occur somewhere in between the primary and 
secondary inlet valves, though the probability of this is low (about 3%). Similar flame structure appears in 
Mode 2 for the following time steps, τ = 0.148 ms and 0.222 ms, with somewhat higher probability (about 
6%) and also, the flame length scales are larger. Though, for even greater time instants, the probability of 
Mode 2 continuously reduces with development of the primary flame front (Mode 1). The multiple 
maxima observed for higher modes at later time instants do not correspond to the autoignition sites, since 
most of the fuel-air mixture is already burnt by this time. Moreover, the corresponding eigenvalue 
contribution is very low (~ 1%). 
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Fig. 11. Cumulative eigenvalue contributions of the POD modes for closed valve injection timing without 
iEGR (scenario̠1 of Table 1) for different times after initial ignition and relative to TDC. The arrow 
indicates increasing time. 
 

Closed valve with no iEGR 

Time 
(ms) ∑ j

1
λ

λ

 

 
Mean 

 
Mode 1 

 
Mode 2 

 
Mode 3 

 
Mode 4 

 
Mode 5 

 
0.074 

 
63% 

     
 
0.148 

 
72% 

     
 
0.222 

 
70% 

     
 
0.296 
 

 
84% 

     
 
0.370 
 

 
91% 

     
 
Fig. 12. Contour plots of the first five POD modes and phase-averaged image luminosity for different 
time instances for closed valve injection timing without iEGR (scenario̠1 of Table 1). The corresponding 
eigen contributions of 1st POD modes are also shown. Each contour plot is normalized by the 
corresponding maximum value. The colorbar range is (0 ─ 1) for the mean and the mode 1, and (-1 ─ 1) 
for rest of the modes.  
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 The cumulative contribution of eigenvalues for different time instants for closed valve injection 
with 40% iEGR (scenario˗3 of Table 1) is shown in Fig. 13, and the corresponding POD modes are 
shown in Fig. 14. In this case, the cumulative eigen contributions and POD modes for τ = 0.518 ms is 
similar to the corresponding plots for the random images presented before (Fig. 6). Unlike the trends 
shown in Fig. 11, the contribution from the first few modes initially decreases till τ = 0.370 ms and then 
increases. This can be explained by the multiple autoignition sites at early stages of combustion, as 
observed by the corresponding POD modes in Fig. 14. At very early stage the autoignition is primarily 
initiated at some location close to the exhaust valve, for example, see the inset red circle in Mode 1 for the 
time instant 0.1148 ms. However, in the beginning multiple secondary sites also appear as observed in the 
first mode itself (see the inset white circles). Since we are considering the closed valve injection the 
charge homogeneity is expected, hence we attribute the above observation due to temperature 
inhomogeneity as a consequence of iEGR and/or low inlet temperature of the charge. The Mode 2 
represents that either the primary site or the secondary sites may prevail (positive and negative peaks). 
With progress in time, the secondary autoignition sites develop further (see the inset circles for the time 
instant 0.222 ms), and the contribution of the Mode 1 reduces though it still remains dominant. For 
instance, from 0.222 ms to .296 ms, the 1st mode contribution reduces from 60% to 48%, while the 
development of the secondary sites can be readily observed (compare Mode 2 at the two time instants). 
Thereafter, possibly due to competence for oxygen availability as a consequence of proximity in the 
primary and secondary sites, the primary site dominates, while the secondary sites do not grow. It can be 
observed that at 0.370 ms, neither Mode 1 nor Mode 2 contains the secondary sites (compare with Mode 1 
and 2 at previous time instants). Hence, the eigen contribution from the Mode 1, which now depicts the 
flame due to primary site only, again increases for later time instants as the corresponding flame front 
develops further decreasing randomness of autoignition. At the later time instants, even if higher modes 
(Mode 2 onward) show some randomness their locations are nearly same as the main flame front 
represented by the Mode 1. Thus, they represent local fluctuations of intensity within the main flame 
front. Moreover, their contribution is lower as time progresses.  
 We also note that in general low signal to noise ratio (SNR) in the images (as observed in the 
images for the early stages of flame development) results in more randomness and it results in reduction 
of eigen contribution of POD modes. However, in the present case this has minimal influence on the 
structures depicted by initial POD modes especially Mode 1. As shown in Fig. 14, for time instants 0.074 
ms and 0.148 ms, even if the SNR is low, the contributions from Mode 1 are high. Moreover, even if we 
neglect the first two time instants, it can be observed that the trend in 1st mode contribution remains same 
i.e. it decreases initially and then increases.  For instance, the eigen contribution of Mode 1 at time 0.222 
ms, when the SNR seems to be higher than the previous time instants, is 60%, which reduces to 48% at 
time 0.296 ms when the SNR is higher. This gives confidence that the POD is able to capture the non-
random signal well in spite of low SNR at early time instants. 
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Fig.13. Cumulative eigenvalue contribution of the POD modes for closed valve injection timing with 
40% iEGR (scenario̠3 of Table 1) for different times after initial ignition and relative to TDC. The 
arrows indicate increasing time. 
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Fig. 14. Contour plots of the first five POD modes and phase-averaged image luminosity for different 
time instances for closed valve injection timing with 40% iEGR (scenario˗3 of Table 1). The 
corresponding eigen contributions of 1st POD modes are also shown. Each contour plot is normalized by 
the corresponding maximum value. The colorbar range is (0 ─ 1) for the mean and the mode 1, and (-1 ─ 
1) for rest of the modes. The red and white circles represent primary and secondary autoignition sites 
respectively. 
 
 Similar to the closed valve injection with 40% EGR, for open valve injection (scenario˗2 of Table 
1) as well, the eigenvalue contributions first decrease up to τ = 0.222 ms and then increase, as shown in 
Fig. 15. Fig. 16 presents the flame structures corresponding to the first five modes at different time 
instances. For this case also, multiple autoignition sites were present during the early combustion stages, 
which causes random combustion. The reason behind this can be attributed to the inhomogeneities in 
mixture fraction due to the charge stratification for open valve injection timing. The eigenvalue spectrum 
and the POD modes for τ = 0.296 ms are most similar to the same plots for random images (Fig. 6 
respectively), as presented before. 
 
 

 
 
Fig. 15. Cumulative eigenvalue contribution of the POD modes for open valve injection timing without 
iEGR (scenario̠2 of Table 1) for different times after initial ignition and relative to TDC. The arrows 
indicate increasing time. 
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Fig. 16. Contour plots of the first five POD modes and phase-averaged image luminosity for different 
time instances for open valve injection timing with no iEGR (scenario̠2 of Table 1). The corresponding 
eigen contributions of 1st POD modes are also shown. Each contour plot is normalized by the 
corresponding maximum value. The colorbar range is (0 ─ 1) for the mean and the mode 1, and (-1 ─ 1) 
for rest of the modes.  
 
 In order to quantify the rate of combustion for the three operating scenarios (namely 1, 2 and 3 of 
table 1) and also estimate the relative heat release rate, the sum of eigenvalues (ζΩ ) is considered such 

that,  

                                    ∑
=

=Ω
pM

j
j

ζ
ζ λ                                                                                                    (6) 

where PM  is the total number of eigenvalues corresponding to the number of phase-locked images for 

any time instant, which is equal to 24 in the present case. The subscript ζ defines the mode number from 

where the summation is defined. Thus, for ζ =1, 1Ω  implies summation of all eigenvalues from j = 1 to 

Mp, similarly 2Ω  is the summation of eigenvalues from j = 2 to Mp, and so on.  The values of ζΩ  are 

obtained at different time instants, which can be interpreted as representative of time evolution of mean 
and/or fluctuations of heat release rate. Fig. 17 shows 1Ω  as a function of time for the three operating 
scenarios considered here. It can be observed that the total eigenvalue first increases and then decreases, 
which, as expected, indicates the heat release rate from the beginning of combustion till all the mixture is 
burnt. Though not shown here, the time variation of 1λ  (corresponding to 1st mode) alone was found to be 

close to that of 1Ω . This is because the eigen-contribution of 1λ  is significant, as shown before in Figs 
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11, 13 and 15.  Also, the flame structures are very much similar to that of the mean image. Hence, the 
plots of Fig. 17 can be considered as indicative of mean heat release rate for respective operating 
conditions, and the corresponding time of the maxima from the beginning (TDC) is an indicative of the 
delay time ( delayτ ), which is the time corresponding to maximum heat release measured from the time of 

start of ignition and represents the combustion rate. It can be observed that compared to scenario-1 for 
scenario-3, delayτ  increases by about two to three times, and also the amount of maximum heat release 

rate is reduced by about 50%. Thus, it takes about double the time for the whole mixture to be combusted 
due to engine operation with EGR. Due to the low engine speed (with iEGR case) the mixture takes more 
time to autoignite, also simultaneous ignition at multiple points compress the remaining gases and further 
increase the temperature and pressure, which leads to a smoother combustion process. In addition, low 
engine speed would lead to higher heat loss retarding the reaction rate. In comparison to the closed valve 
injection scenario, for the open-valve injection scenario, the delay time increases by about 50%, while the 
heat release rate is reduced by 40%. Thus, the autoignition duration/speed is smaller/faster for the closed 
valve injection compared to the open valve. This is justified by the mixture inhomogeneities due to charge 
stratification for the open valve injection timing. 
 

 

Fig. 17. Time evolution of the sum of the total number of eigenvalues ( ∑=Ω
=

pM

j
j

1
1 λ ) for different operating 

scenarios. Here, “total number” (Mp) refers to total number of phase-locked images at any time instant. 
The dashed vertical lines indicate respective delay time ( delayτ ). 

 



24 
 

(a)  
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(c)  

Fig. 18. Temporal evolution of ζΩ ( ∑=
=

pM

j
j

ζ
λ ) for ζ = 2, 3...6, such that 2Ω  implies summation of 

eigenvalues from 2nd mode onwards, and so on for different operating scenarios: closed valve injection 
timing (a) without iEGR and (b) with 40% iEGR and (c) open valve injection timing without iEGR 
(Scenaria 1, 3 and 2 of Table 1). For each plot, the dashed vertical line represents the corresponding delay 
time ( delayτ ), and the arrow indicates direction for higherζ .  

 
 For any considered time instant, the factor 1α  (see Eq. 4) for Mode 1 was found to be much 

larger than 2α , 3α  etc. for higher modes, which can thus be considered to represent fluctuations of flame 

luminosity and, so, heat release rate. Fig. 18 shows the time variation of 2Ω , 3Ω , ..., 6Ω  for different 

scenarios. The dashed vertical line for any scenario indicates the position of corresponding maxima for 

1Ω  (Fig. 17) indicating the delay time, delayτ . For any scenario, the plots of the values of ζΩ  indicate 

evolution of fluctuations of heat release rate for different time after start of ignition, while, respectively, 
excluding contribution of different flame structures (modes). For example, 2Ω  indicates time variation of 
heat release rate fluctuations without considering the dominant single autoignition flame (1st mode). 
Similarly, 4Ω  indicates the same excluding 1st mode and the flame structures representing multiple 
locations of single autoignition flame (2nd and 3rd modes), while including the contributions of multiple 
autoignition flames (4th mode onwards). It can be observed in Fig. 18 that, as expected, for any time 
instant the magnitude of the values of ζΩ  are progressively smaller for higher ζ  (indicated by arrows), 

and smaller than the corresponding 1Ω  in Fig. 17, thus indicating lower magnitude of heat release rate 
fluctuations compared to the average value. 
 The overall trends of  ζΩ  are similar to 1Ω  in Fig. 17. The fluctuations of heat release rate first 

increase after the start of the ignition as the air-fuel mixture begins to combust, and then reduce after all 
the mixture is burnt. Though, for all operating scenarios, a maximum can be observed for 2Ω  similar to 

1Ω , a plateau is observed for 3Ω , 4Ω , etc. ( 3≥ζ ). Also, interestingly, the maximum value(s) of 

ζΩ occurs within the delay period (before the dashed line representing the time corresponding to 
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maximum of 1Ω ). This means the fluctuations of heat release rate, probably due to multiple autoignition 
sites, first increase and then remains constant for a certain time period while the average heat release rate 
still increases to reach its peak value, after which both mean and fluctuations tend to reduce. It can be 
observed that this trend is more pronounced for closed valve injection timing with 40% iEGR (Fig. 18b) 
compared to the case of no EGR (Fig. 18a), which is due to greater role of higher POD modes as the 
eigen-contributions are higher. For open valve injection timing without iEGR, an exception occurs, i.e. 
the values of ζΩ  remain constant for a certain time period even after the delay time (delayτ ) though the 

average heat release reduces during that time. 
 The results presented so far emphasizes the application of POD as a valuable tool to obtain better 
understanding of the physics of the HCCI ignition process for various scenarios. The POD analysis of the 
phase-locked as well as time dependent chemiluminescence images revealed some of salient features of 
spatio-temporal behavior of the autoignition characteristics of fuel-air mixture. Especially, spatial 
variations of single/multiple autoignition sites were quantitatively assessed and time evolution of mean 
and fluctuations of heat release could be discerned. Though, simultaneous autoignition across the whole 
cylinder is usually expected to contribute to higher thermal efficiency of HCCI engines, the results 
presented here highlight that autoignition may have spatial preference within the combustion chamber 
with dominance of only one ignition site for closed valve injection condition. However, open valve 
injection timing or addition of iEGR lead to multiple autoignition sites, which results in reduction of 
erratic temperature rise and promote higher thermal efficiency and lower emission.  
 
4. Conclusions 
 
 Detail understanding on the autoignition characteristics is essential for optimal performance of 
HCCI engines under wider load engine speed conditions. The goal of the present paper was to investigate 
the initiation and development of autoignition flame fronts in an optically accessible HCCI engine for 
different operating scenarios by altering the injection timing, introducing internal Exhaust Gas 
Recirculation (iEGR) and/or spark ignition. The temporal and the spatial repeatability of the autoignition 
sites were evaluated by the proper orthogonal decomposition (POD) analysis of the flame  
chemiluminescence images and the results are compared for different operating scenarios.   
  POD was first applied to the phase-locked flame chemiluminescence images corresponding to a 
specific crank angle of different engine cycles, but unknown timing relative to the beginning of the 
autoignition of the fuel air mixture. The 1st POD mode was similar to the mean flame image for all cases. 
Also, except for the closed valve injection timing with 60% iEGR, the eigenvalues contribution of the the 
1st POD mode was always significant (>60%). In addition, the flame structure depicted by the 1st mode 
confirmed the dominance of a single autoignition site originating from a specific location depending on 
the operating scenario under consideration. However, the flame topology shown by the 2nd and the 3rd 
POD modes indicated the possibility of two different locations of a single autoignition site. Interestingly, 
those locations may be different from the dominant single autoignition site represented by Mode 1. The 
higher modes signified the presence of multiple sites of autoignition, which was found to be more 
probable with increasing iEGR for both open and closed valve injection timings. For closed valve 
injection timing with 60% iEGR, the eigenvalue for the 1st mode contributes only 40% of the total energy 
of the eigenvalues and the corresponding flame structure indicated non-uniform flame propagation, while 
the higher POD modes indicated multiple autoignition sites. This was attributed to the temperature 
inhomogeneity resulting due to the large EGR as well as the low inlet mxture temperature and low engine 
speed, which increase the random combustion behavior of the mixture. However, the addition of spark 
discharge led to significantly increased contribution from the eigenvalues of all the modes, implying 
suppression of the tendency of the mixture for random combustion initiation.  
 POD was also applied to the ensemble of time-dependent flame chemiluminescence images for 
three operating scenarios, namely closed valve injection timing without and with 40% iEGR and open 
valve injection timing without iEGR. It was found that the contribution of the eigenvalues of the first few 
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POD modes monotonically increases with time for closed valve injection timing without EGR, while for 
the other two cases they first decrease and then increase. At the very early stages of flame development, 
the random initiation of combustion, due to inhomogeneity in temperature distribution caused by EGR or 
mixture fraction distribution due to charge stratification during open valve injection timing, leads to 
multiple autoignition sites, which dominates over the tendency of the primary flame to reduce the random 
ignition. Based on the time evolution of the sum of the total number of eigenvalues (1Ω ), which depicts 
average heat release rate, it was found that, for the closed valve injection timing, addition of 40% EGR 
(and low inlet charge temperature and engine speed) causes longer delay (about three times) and lower 
heat release rate (about 50%) compared to the case without EGR. Similar observations were found for the 
open valve injection timing in comparison to the closed valve injection timing. The sum of the 
eigenvalues excluding the eigen value for the Mode 1 was obtained, which represents the fluctuations of 
heat release. Interestingly, the corresponding time evolution showed that the maximum heat release 
fluctuations occurs earlier than the time corresponding to the peak average heat release.  This is again due 
to the multiple autoignition sites at early combustion stages.  
 The reported results demonstrate the importance of POD analysis on further improving the 
knowledge of autoignition characteristics in IC engines. The current findings may provide guidelines for 
improved control of HCCI engine operation leading to higher thermal efficiency and lower emissions. 
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