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Abstract

Homogeneous Charge Compression Ignition (HCCI) reegyideliver high thermal efficiency and,
therefore, low C® emissions, combined with low NOGand particulate emissions. However, HCCI
operation is not possible at all conditions du¢h®inability to control the autoignition processlanew
understanding is required. A high-swirl low-comies-ratio, optically accessed engine that can
produce overall fuel lean, axially stratified charricher fuel mixture close to the cylinder headsw
achieved using port injection against open valvd Aomogeneous mixture during injection against
closed valve timing) was operated in HCCI mode waithand with spark-assist mixture ignition. The
present study investigates the differences in tli&CHautoignition process and the propagation of the
autoignition front with homogeneous mixture or fueharge stratification, internal Exhaust Gas
Recirculation (IEGR) (introduced by utilizing diffnt camshafts) and spark-assisted iIEGR lean
combustion. In order to visualize the HCCI procebgmiluminescence flame images, phase-locked to a
specific crank angle, were acquired. In additiometresolved images of the developing autoignition
flame front were captured. Proper Orthogonal Deamsitipn (POD) was applied to the acquired images
to investigate the temporal and spatial repeatabif the autoignition front and compare these
characteristics to the considered scenarios. Tgenealues of the POD modes provided quantitative
measure of the probability of the correspondingnflastructures. The first POD mode showed higher
probability of single autoignition sites originagifirom a particular location (depending on the ace).
However, the contribution from other modes canrenbglected, which signified multiple locations of
the single autoignition and also, multiple sitesseff-ignition of the fuel-air mixture. It was fodrthat
increasing iIEGR resulted in random combustion (ipleltautoignition sites and fronts), which, however
became significantly non-random due to additiosdrk-assisted ignition. It was identified in tHe®
analysis of the time-resolved flame images thatplesence of inhomogeneity either in the tempegatur
or the mixture fraction distribution increases ghebability of random combustion during the verylga
stages of flame development. Thus, the fluctuatafrteat release is higher during this period.
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1. Introduction

With stricter regulations on both heavy and ligaty vehicle emissions, it is not surprising that
the automotive and oil industry are continuouslgkiog for new fuels and new ways of improving the
efficiency of hternal_(mbustion (IC) engines. d#nogeneous Ikarge_@mpression dnition (HCCI) —
also referred to as ddive Thermo-Amosphere_Gmbustion (ATAC), Remixed _(arge_@mpression
Ignition (PCCI),_kbmogeneous karge_Desel Mmbustion (HCDC), PRmixed lean Désel_ ®mbustion
(PREDIC) and_©mpressiongnited Homogeneous karge (CIHC) — is one of the most promising
alternatives to conventionalp&rk Ignition (SI) combustion and dinpressiondnition (Cl) combustion.
HCCI combustion gained significant attention over last 15 years [1, 2].

In IC engines the HCCI combustion can be achidxegdremixing the air-fuel mixture (either in
the manifold or by early iPect Injection (DI) — like in a Sl engine) and compregsih until the
temperature is high enough for autoignition to odtike in a Cl engine). Since under HCCI combustio
the fuel/air mixture to be ignited does not relytbe use of a spark plug or direct injection nbar Top
Dead (entre (TDC), overall lean mixtures can be used ltieguto high fuel economy. Thus, the
combustion temperature remains low and therefdregen oxide, NQ emissions decrease significantly
compared to Sl and CI operation [3, 4]. Furthermaiace a homogeneous fuel/air mixture can be
prepared in the manifold with low equivalence ratitow soot can be achieved [5]. Under optimum
operating conditions, HCCIl combustion can lead ambon monoxide (CO) and hydrocarbon (HC)
emissions comparable to Sl and Cl combustion. Hewawnder very lean conditions the low combustion
temperature is low (approximately below 1500K),sthincomplete combustion can occur in the bulk
regions leading to partial oxidation of the fuelwlcombustion efficiency and increase in CO and HC
emissions [6]. On the other hand, HCCI combustiath wicher fuel/air mixtures leads to knocking.
HCCI combustion in a production engine is theretoréted by two main regimes [7, 8, 9], viz. (i)de
fuel to air ratio limit — leading to incomplete cbuostion, which results in low power and high HC and
CO emissions, and (ii) rich fuel to air ratio limitleading to knocking if the rate of pressure iséo0
high, which may damage the engine or results irh 40O, emissions due to high combustion
temperatures. Several operational issues with t@€IHengines and the possible strategies for their
solution have been reviewed earlier (for instasee, [10]).

In order to extend the operating limits of the H@®mbustion to a wider load engine speed
region, control on the ignition timing and the camation rate is highly desirable [2]. However, idgprit
control is still challenging. The HCCI combustioancbe described by the oxidation of the fuel driven
solely by chemical reactions governed by chain-tharg mechanisms [11, 12]. Various strategies have
been adopted based on adjusting the engine omp@iameters, such as the valve timing, Exhaust Gas
Recirculation (EGR) rate or inlet temperature, idev to control the chemical kinetics of the chd®
14, 15]. However, it is necessary to improve théewnstanding on the autoignition and combustion
process under low temperature conditions in ordecantrol the heat release rate to ensure optimal
performance of the engine and high combustionieffizy [16].

Regardless of the chemical reactions associatéd autoignition, the spatial initiation and the
development or “propagation” of the autoignitiotesiare of interest. Chemiluminescence alzthd®
Laser _hduced _Fuorescence (PLIF) imaging of the autoignition phmenon have shown that
autoignition starts at various locations throughiiet combustion chamber [17, 18] probably due tallo
inhomogeneities. Due to the heat released frombtira regions, the temperature and pressure in the
cylinder increase, and, therefore, more autoignisibes appear until the whole fuel-air mixturégisited.

It has also been shown using both chemiluminescandeformaldehyde PLIF imaging [19] in a highly
stratified engine (hot ¥haust Gs_Recirculation (EGR) gases on one side and cold fhesliair mixture

on the other) that these autoignition sites irgtianeither at the location of the maximum tempeeatior

the location of the maximum fuel concentration, authe boundary of these two regions. Once tls¢ fir
autoignition sites appeared, the double-exposutE Bhd chemiluminescence imaging showed that these
sites grow in size at different speeds — they qgoear to be propagatinldme front$ in the absence of



any other information (i.e. A/F ratio, in-cylindéemperature, flame front speed, double-exposure
timing).

In order to better understand the spatial evaluidd the autoignition process during HCCI
operation and the effect of fuel and temperatuherimogeneities on the early stages of HCCI combustio
various computational models have been developee.Patially Stirred Bug How Reactor-hteraction
by Exchange with the Man Mixing (PaSPFR-IEM) simulation model was usadtiie investigation of
combustion of natural gas and it was shown thath wWecreasing turbulence mixing time scale, the
ignition delay was retarded and a steeper pressgevas calculated. On the contrary, with incnegsi
the turbulence mixing time scale, an earlier igmittiming and a moderate temporal pressure rise wer
calculated since the hot areas in the engine didhage time to mix with the colder ongX)]. The
influence of thermal inhomogeneities on the adwam@ombustion wave of hydrogen was also studied
using_Drect Numerical_$mulation (DNS)[21, 22] and it was found that, in the 1-D caseijtign started
at the location of highest temperature and progag&iwards the colder end-gas. An enthalpy-based
flamelet technique has also been applied to a Rapidpression Machine (RCM) operated under HCCI
conditions [22]. It was found that ignition startatithe location of highest enthalpy and that tloeleh
predicted well the timing of the combustion, peagéssure and rate of pressure rise. It was calcutht
the increase in temperature is dominated by thenitfa reactions at the location of the ignitionrfroby
the diffusion term in the unburned gases aheadefignition front and by the pressure term in the
regions far from the ignition front. It was, thesed, concluded that diffusion in enthalpy-spacectéd
the HCCI combustion process.

Based on the findings in the literature, it is exied that the differences in the temperature
distribution and/or the charge stratification irt@nbustion chamber can lead to the difference$ien t
HCCI combustion process. However, detail invesitgabn the propagation of the “autoignition front
essential to address the consequence on the theffitiéncy and the pollutant emission. From our
previous work [23, 24], we have shown that altetimg injection timing and introducing internal Exisa
Gas Recirculation (IEGR) and/or spark dischargd leathe differences in the HCCI combustion, for
instance, both ensemble-averaged autoignition aitdspropagation of the autoignition front wererfdu
to be different. The aim of the present paper isapply Proper Orthogonal Decomposition (POD)
technique [25, 26] to investigate the temporal #mel spatial repeatability of autoignition for varo
scenarios of HCCI combustion (with and without iIE@Rd without and with spark assisted combustion).
In addition, the time-dependent behaviour of thwiguition flame front(s) for different scenariosasv
also studied. POD has been used in internal comloushgines, especially to study the in-cylindemfl
field measured by either Hot Wire Anemometry [2T7]mostly by the application of Particle Image
Velocimetry (PIV) (for example, see [28], [29]). the above studies, the spatio-temporal flow figks
decomposed in to sets of spatial modes and comdspp coefficients, which provide a lower order
description of the flow structures and the relatBthamics. Such decomposition allowed temporal
reconstruction of the modal coefficients to providmtinuous space-time description of the flow [80]
to decompose the flow field into mean, coherentiandherent parts [31] such that cyclic variability
the flow field could be studied in detail. Howevas pointed out by Bizon et al [32], the applicataf
POD for analysing light emission images during tlmenbustion process, which can also provide the
information on cyclic variation phenomena, is rafbese authors applied POD to the light emission
images of the combustion process in both SI andifmjgction Cl engines [32]. They recognised a
spatial structure of the coherent part of fluctoagi of the intensity field, and also, a Gaussiah gfathe
fluctuations at the crank angles correspondingigh hariability (standard deviation) of the lumiitys
field over the cycles. However, detailed invesiigatof the autoignition characteristics (especiaty
temporal and spatial repeatability) in HCCI engiigeget to be reported and the present paper atsetmp
address this by the POD analysis of the chemilastience images of the HCCI combustion process.

Section 2 of this paper summarizes the equipmezd and the methodology employed. Section 3
presents and discusses all the experimental regaltBOD analysis of HCCI chemiluminescent intgnsi
flame images. Finally, a summary of the work isspreed and the conclusions are discussed in Sektion



2. Experimental Apparatus and M ethodology
2.1 Engine and Engine combustion parameters

The experiments were conducted in a four-strokgles-cylinder, optically-accessed Sl engine
with a four-valve, pentroof-type, cylinder headgi#). The_@mpression Rtio (CR) of the engine was
7.9, and stratification was achieved through iagleé Over-Head @mshaft (SOHC) ¥riable valve
Timing and lift Hectronic @ntrol (VTEC) mechanism for the inlet valves. Thegi@e has similar
characteristics to the Honda VTEC-E 1.5 litre, marsxluction Sl engine that typically operates véth
A/F ratio of 22 under 3000 Revolutions Per MinuRPM) at low power. When one of the two inlet
valves was partially deactivated through the VTE@chanism, swirl and tumble motions were
introduced into the flow to promote axial fuel sfieation [33, 34]. A commercial twin-jet air-assed
injector was used and the global A/F ratio was st by altering the injection duration and was
monitored by a Linear Air-to-Fuel (LAF) sensor mteoh in the exhaust manifold. A more detailed
description of the engine configuration and compdmean be found elsewhere [35].

The Honda engine operated under HCCI conditiordeurtwo basic modes of operation. (i)
without iIEGR and with inlet air heating, and (iittv IEGR and atmospheric air intake temperature.
Before the engine could be operated in HCCI conidmushode, it was warmed up to 60°C and operated
under Sl combustion for 5-10 minutes. It was fouhdt the engine temperature affected HCCI
combustion and that on cold days(when the room temperature was less than 20°C b#ferstart of
the experiments), HCCI combustion was hard to aehdue to the low Compression Ratio (CR) of the
engine. Furthermore, for the cases where the engaiseoperated without iIEGR, it was not possible to
achieve direct transition from Sl to HCCI operatian 1500RPM. So we had to run the engine at
1200RPM under Sl operation, switch to HCCI operatioy switching off the ignition) and subsequently
slowly increase the engine speed to 1500RPM. WHBR, no Sl to HCCI transition region above
600RPM was possible because the switch from SI@&Hoperation was performed manualiye(by
switching off the spark and altering the fuel flowhus, all experiments with IEGR were conducted at
600RPM. The IEGR was affected by changing the cafhsif the engine (see SAE 2006-01-3273 for
more details and drawing).

Secondary Inlet Valye

Fig. 1. Engine Configuration. BKR-4 single cylinder VTEC Research Engine
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The operating conditions used throughout the éxymants are summarised as follows: fuel
heptane, engine speed 600 and 1500RPM, wide opetti¢h inlet pressure 0.985bar, inlet temperature
Ti=25 and 210°C, A/F ratio 18 and 23, start of injacteither 30° crank angle (CA) aftartdke TDC
(ITDC) or 180°CA after ITDC, with ignition timinget at 40°CA before ifing TDC (FTDC) with no
skip-firing. IEGR was achieved by altering the chaft [36]. The first injection timing correspondtm
injection against open inlet valves that was fotmdeliver a stratified mixture [35, 36] that extied the
lean-burn limit of stable operation. The secon@dtipn timing corresponded to injection againstebtb
inlet valves that was found to produce a fairly logmneous mixture that cannot be ignited consistentl
for A/IF>21under Sl operation [34]. For brevity, veder to these injection conditions as “open-valaati
“closed-valve” injection timings respectively thighout this paper. All the operating conditions are
presented in Table 1, where all the consideredasaenare also shown.

Table 1. Scenarios under investigation

Scenarii | AlF Inlet RPM Injection IEGR Spark High
gas Timing (%) Discharge | speed
T/°C Imaging
1 23 21C 150( Closet 0 No Yes
2 23 21C 150( Oper 0 No Yes
3 17 11C 60C Close( 40 No Yes
4 17 11C 60C Oper 40 No No
5 18 25 60C Closet 60 No No
6 18 25 60C Close( 60 Yes No

2.2. Imaging system

Images of the chemiluminescent intensity emittexinf the flames were recorded through the
piston crown of the combustion chamber of the BKRgkarch engine, as shown in Fig. 2. Two different
cameras were used, namely a high-resolution ca(RXBMAMATSU C3077) to record the location of
HCCI autoignition and a high-speed camera (KODAK HBI0) to record the propagation of the
“autoignition front”. The alignment of the opticatrangement was carefully achieved, so that thadla
images were orthogonal to the CCD array of the camand, in this way, the highest possible
magnification could be achieved. Further detailstlom acquisition of images of the chemiluminescent
intensity emitted from the flame can be found inpeevious paper [24]. It is noted that the
chemiluminescent intensity was recorded over timgaaof wavelengths of 300 to 550 nm, which has
been shown to follow the heat release rate of tinebeistion process fairly well [37-40].
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Fig. 2. Acquisition of chemiluminescent intensity imagbsotigh the window on the piston using either
the low frame rate or the high frame rate CCD Cas&ith the same lens system.

The HAMAMATSU C3077 Charge Couple Device (CCD) emmwas initially used to record
high-resolution flame images. The camera was cdadeto a frame grabber and the images were
digitized with 8-bit resolution into 256 greyscalegh a size of 768 x 576 pixels. Due to the 25fes
per second framing rate of the CCD camera, onlyiorage per consecutive engine cycle was acquired.
The exposure time was altered by varying the gaifrthe image intensifier, which was kept sameafor
experiments. The gain of the intensifier was opliynehosen and also maintained constant. It waadou
that triggering pulses of 1° CA were adequate tone the chemiluminescent intensity images such tha
it ensured that there was no imaging blurring andéturation, and also, the spatially separatedipeil
autoignition sites could be distinctly observedhaiit bias. High-speed flame images through thepist
windows were acquired using an 8-bit KODAK HS 45320D camera. The KODAK HS 4540 camera
could operate under two modes. The first one, ¢rigd, under which only four images could be acgluire
per triggering event, and the second one, untregarnder which up to 12,000 frames could be aeduir
depending on the frame rate. The resolution ofcémaera was 256x256 up to a frame rate of 4,500Hz
and decreased with increasing frame rate. In dimlére able to record the flame images for the whole
duration of the combustion process, which lastegr@pmately 1ms, the camera was operated in the
untriggered mode and at a frame rate of 13,500Hk wiresolution of 128x128. At a frame rate of
4,500Hz with maximum resolution, the combustionation was captured in approximately five images,
which did not provide enough information for tharstand development of the autoignition front.slt i
noted that in this paper we compare results froffieréint scenarios based on the images from the same
cameras/settings/etc, and thus the “camera” paeaméid not affect the results. Also, there wapost-
processing of the images.

Both CCD cameras coupled with a variable-gain dyateage intensifiers (Hamamatsu C4273)
and UV-transparent lenses (UVNikkor 105 mm, f/4\sere used for flame imaging. The intensified
CCDs were able to detect the chemiluminescent @nsdrom the flames generated during lean-burn,
low-load operation, which are not easy to detehtwtise [41]. Due to the fact that chemiluminescent
intensity is mainly emitted at around 310nm [42hiet corresponds to emitted light from OH* radicals
both a UV-transparent and an intensifier with egtsh sensitivity at that range were required foméa
imaging. Finally, the orientation of the cylindegdd in all the subsequent figures presenting imdsgt
images acquired by the two cameras is the same Rig.i 3, which shows the inlet and exhaust valves,
while the secondary inlet valve denoted with a €ros
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Exhaust Valves

Fig. 3. Background Image acquired using the HAMAMATSU CB0ZCD camera. White Cross
indicates VTEC inlet valve. The same coordinateesysand image orientation are used for all the
reported results.

2.3. Proper Orthogonal Decomposition (POD)

Proper Orthogonal Decomposition, or POD, is a pwend elegant method of data analysis.
Based on Karhunen-Loeve procedure of probabiligoth ([43], [44]), POD aims at reducing the
dimensionality of a data set, while retaining ascimas possible the variations present in it. Thacba
idea behind POD is to describe a given statistizeemble with minimum number of deterministic
modes.

Consider an ensemble of instantaneous image lwitynar intensity data, i.el (t, X) (where ‘t’

and ‘X’ are two independent variables denoting time grats respectively). Herb is the total number
of samples andl is the total number of data points in each sanfplem a mathematical point of view,

POD decomposesl (t, X) into a sum of product of spatial eigenvectogs(x) and temporal

coefficientsg; (t) , so that
r
I(tx) = 3 ajj(t)yA] @) (x) 0
i=1

wherei=1toM, j=1toN, /1j represents the eigenvalue corresponding to egemesctorg (), and

r is the rank of the matrifl],,, so thatr =min(M ,N). Thus, the POD modesy() represent the
average spatial features of the whole ensemble, lewhhe corresponding coefficients

(\/Ialj \/Iazl ....... \/Xarj) signify their “weight” for the time instants= 1, 2, ..., M respectively.
The eigenvaluesﬂlj are obtained by solving the eigenvalue equatiBp=A@, under the

restriction that the norm off is 1, whereR is the spatial cross-correlation matrix of sizeNNiowever,

when M<<N, as in the present case, the calculation timebeadramatically reduced if the temporal
cross-correlation matrikR;],,, corresponding to two different time instan@ndt* is evaluated instead

of [R]y such that.

R(LE) =< I %)X I(E, X) @

This numerical procedure, proposed by Sirovich],[25 popularly known as the “method of
snapshots”. The solutioR: a= A a leads to the orthonormal temporal coefﬁcieaﬁt) corresponding

to eigenvaluez]j . The symmetry and non-negative definitenesﬁhcnénsures\j = 0. The eigenvectors
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are obtained from the inverse relatiqy;,:/lj‘o'sza,—j I, . The eigenvalues are ordered/t}sz /1j+1, and
i=1

the corresponding coefficientsy() and modes ¢ ) are also arranged accordingly. Hence, the ficsden

@ always represents the maximum spatial variatibehi@miluminescent intensity luminosity.

The significant advantage of POD is that due ¢dfastest convergence property, the number of
energetically significant modes is minimum. Hertbe, original intensity data can be reconstructédgus
only few modes, instead of considering all of theogh that

I(t,x) = g&j(t)ﬁq(xxroml\ﬂ (3)

In other words, only few number of modeg, (much less than the total number of modéy,
need to be considered for the data analysis. Ttameaverage of individual chemiluminescence image
| (t, X), denoted aqut’ can be expressed as

lopt —
H = _Zlajwj, aj = &j, /A 4)
]:
where overbar denotes averaging in time. Thuspgtantaneous fluctuations of image intensity bezom
lopt _
l-u= 3 ajlg. aj = (& -aj) % 5)
j=1

Hence, both mean and fluctuations of flame lumigogan be represented as a linear
combination of POD modes. Though, the coefficieats and aj’ do not satisfy orthonormality
condition.

3. Results and Discussion

For each scenario of Table 1, 50 flame chemilustiaace images of the early stage HCCI
combustion are captured by the CCD camera thrduglpiston crown and are phase-locked to a specific
crank angle. It should be noted that based on guevivork [36], it is evident that there is limited
variability in the ensemble averaged results obiguition location for various sets of experimergad
the ensemble average results remained nearly ugetiamhen averaging over 30 images. Fig.4 (a—f)
respectively present typical flame images for dédfé scenarios in pseudo-colour imposed on the
background image of the engine cylinder head (sge3F which was acquired without fuel injection. |
this way, a very good perspective of the autoignitbehaviour in the combustion chamber was gained.
Each image was acquired at the same CA at differembustion cycles. It should be noted that flame
images do not represent consecutive cycles. Moagaés of the autoignition process in the singlencgr
engine can be found elsewhere ([24], [36]). Fromftame chemiluminescence images it was recognized
that, in the case of closed-valve injection timiflgading to homogeneous charge) without iIEGR
(Scenario-1), autoignition mostly started under ghienary intake valve near the cylinder wall, whiite
the case of open-valve injection timing (leadingataally stratified charge) without IEGR (ScenaBp-
autoignition often started between the exhaustevald the secondary intake valve, closer to theeen
of the piston. With increasing iEGR (Scenario -n8l &), more random development of the autoignition
sites was observed, while little evidence of spatraference in the formation of the autoignitiates
was found for closed valve injection with 60% IiEG8cenario-5). However, with the introduction of
spark-assisted ignition (Scenario-6) for the 60% REcase, the autoignition started nearly at theesam
location closer to the spark-plug and thus, a appteference was observed.
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Fig. 4. Typical Images of early development of agndion as seen through the Piston Crown. Images a
in false-colour. The coordinates of the graphsaeording to the image of Fig. 3. Note that injeti
against a closed valve represents homogeneousechan injection against an open valve represents
axially stratified charge. (a) Closed-valve InjeatiTiming, 15° CA after TDC, Ti=210°C, A/F=23 (b)
Open-valve Injection Timing, 18° CA after TDC, THE®C, A/F=23 (c) 40% iEGR Closed-valve
Injection Timing, 15°CA after TDC, F#110°C, A/F=17 (d) 40% iEGR Open-valve Injectiormimng,
10°CA after TDC, TF110°C, A/F=17 (e) 60% IEGR, Closed-Valve Injectibiming, 17°CA after TDC,
Ti=25°C, A/F=18 (f) 60% IEGR, Closed-Valve Injedatidiming, 20°CA bTDC, Ti=25°C, A/F=18.

3.1 Probability Distribution of the Number of Awgaition Sites

Even though the variability of the location of thkCCl autoignition sites has been previous
documented ([24], [36]), the variability in the nber of autoignition sites was never further invgesstizd.
Large variability of the number of autoignitionesitmay indicate large variations in, for examplixtune
preparation or local mixture temperature, which rirdjuence engine operation. In order to assess the
probability of number of autoignition sites for féifent scenarios considered in the present wokk, th
numbers of distinct and non-adjacent locationsesponding to maximum chemiluminescent intensity in
the images are manually estimated through observati the images. For each scenario, the 50 flame
chemiluminescence images are considered, whiclkesmond to early stages of autoignition as mentioned
before. Since the onset of autoignition is randaith vespect to the crank angle at which the imgtms
any specific scenario) were captured, the acquiredjes are random and statistically uncorrelatet wi
respect to each other. The probability distributiddrthe number of early distinct HCCI autoignitisites
for the various scenarios is presented in Figt Bah be observed that for both closed and opereval
injection timings without IEGR, only one autoigoiti site is more likely (the corresponding proba&pits
0.4-0.5), while the probability of the charge autoigmtat more than three sites is very low. With
increasing iIEGR (in conjunction with low inlet teamature and low engine speed), it can clearly lea se
that the probability of autoignition at more tharedocation increases. Furthermore, in the castoséd-
valve injection timing with 60% IiEGR, the probatiliof single charge autoignition is only 0.2, which
however, significantly increases up to 0.8 whenrlsplischarge is introduced. This means that the
recirculation of the exhaust gases and the intriioluof the spark discharge have opposite effectedfs
ignition characteristics of the charge.

Though the above discussion provides a gross &#imof the probability of the number of
autoignition sites, the repeatability of the sglfition characteristics within the cylinder is uokvn. For
instance, a single autoignition can occur at défférpositions (with respect to the inlet and exhaus
valves) at different time instances (image samplasjuch cases, it is important to understankdfe are
any preferences at the locations of autoignitiancé&there are uncertainties in identifying thealians
of the distinct and the non-adjacent autoignitik@sswith the above approach based on visual itigpec
it is difficult to objectively quantify the correspding repeatability, and, moreover, to distingutsh self
ignition characteristics for different scenariodH£Cl combustion investigated in the present stidys
is achieved by proper orthogonal decomposition (PODthe chemiluminescent intensity of ignition
images following the method described in Sectidh eviously. The results of the POD analysis are
presented and discussed in the following sectioereHwe note that the application of POD is not
essential to deduce the cause of random autoignitibich is due to inhomogeneous temperature and
mixture fraction. However, POD provides a logicathway to quantify the degree of randomness, and to
compare the “importance” of random autoignitioratiele to the average behavior, represented by the
mean chemiluminescence image. Also, comparisorhefROD modes and the corresponding eigen
values for different scenarios of HCCI combustioneistigated in the present study aids distingugshin
the respective self-ignition characteristics.
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Fig. 5. Probability distribution of the number of earlystiinct HCCI autoignition sites for the various

scenarios (red bars for Closed-valve Injection fignand no iEGR, green bars for Open-valve Injection
Timing and no iEGR, blue bars for Closed-valve dtign Timing and 40% iEGR, cyan bars for Open-
valve Injection Timing and 40% iEGR, pink bars folosed-valve Injection Timing and 60% iEGR and
yellow bars for Closed-valve Injection Timing, 60BGR and spark discharge).

3.2 POD results of chemiluminescent intensity Insage

POD was applied to the flame chemiluminescencegénseat K1 = 50 images) for each scenario to
obtain the respective spatial eigenvectors or PQides ) and the corresponding eigenvalue’q)(
following the method described in Section 2.3. #swerified that the statistical convergence igidd

for both POD modes and eigen values for the corsideumber of images for all scenarios. If the
luminosity of the images is assumed to be repratigatof the heat release rate during combustichef

charge [40, 45, 46], ther]j is related to the amount of heat release ratecided to the flame structure

represented by modg, . Fig. 6 shows the cumulative eigenvalues of th®©m@des normalized by the

j M
summation of all eigenvalueill()lj 1.4, ) for different scenarios. The larger is the cdnttion from any
=1 j=1

mode, the higher is the repeatability of the cgroesling flame structure (Fig. 7) at the specifiarde
angle. The following trends are identified.
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Fig. 6. Normalized cumulative eigenvalue contributioﬁ}),{j/%‘/]j) of the POD modes for various
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scenarios of Table 1.

a)

b)

c)

d)

For all conditions only about 10 modes are requicedapture up to 80-90% of total energy of
fluctuations of flame chemiluminescent intensitpeTcontribution from first mode is about 60-70
% for all cases, except for closed valve injectioth 60% IEGR for which it is about 40%. This
means that the POD Mode 1 should signify the numdoed the location(s) of dominant
autoignition site(s).

In general, compared to the closed valve conditiom,contribution from the modes decreases for
the open valve condition, implying more random Iwtar of charge ignition for the latter case.
This is expected because the closed valve injedisures the presence of more homogeneous
fuel-air mixture in the engine cylinder and thisusas lower probability of random location of
ignition.

In comparison to the scenarios 1 and 2, the eigenributions of the different POD modes
generally decreases for scenarios 3 and 4. Feedlgealve injection with 60% EGR (Scenario-5)
the eigen contribution reduces significantly forrabdes. This means autoignition occurs more
randomly with increasing iIEGR, which is accompanweith low engine speed and low inlet
mixture temperature such that the in-cylinder terapge distribution is not uniform and more
time is needed for the whole fuel—air mixture taate its autoignition temperature. Thus, multiple
areas of higher temperature are present in thenengylinder promoting the ‘random
development’ of the autoignition front. This agreath the probability of observing non-adjacent
and distinct autoignition sites, as determinedh@previous section (Fig. 5).

An exception occurs for open-valve injection, sitiee contributions from the first and second
modes are slightly higher with EGR. This implieatthecirculation of the exhaust gases tends to
suppress the large scale inhomogeneity of theuair+hixture distribution associated with open
valve injection, while locally it enhances the affy for self ignition leading to increased
randomness. So, although the graphs for the cleselddthe open valve injection conditions
without EGR are distinctly observed, for the cagh w0% EGR, the two plots nearly overlap.

It is interesting to observe that the random charaof the flame structure for the closed valve
scenario with 60% IEGR again becomes considerabhtrandom due to addition of the spark
discharge.
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Fig. 7 presents the contour plots of the firse ROD modes, and, also the mean or average image
for each scenario. It should be noted that the migalevalues corresponding to each mogg)(are not

physical, though, after scaling by the scad@(//]_., the quantitya; \/X(oj represents the contribution of

chemiluminescent intensity corresponding to thatdenon the imagé. However, the distribution of the
numerical values in any mode signifies the possiolignition location(s) and the associated stimact
of the flame. Each contour plot is normalized bg ttorresponding maximum value. Note that the
positive and the negative values in the modes (dernay red and blue colour) may imply either insea
or decrease in luminosity depending on the sighetorresponding coefficients, .

In the present case, for all scenarios the Mo#&4 found to contain only the positive values,
and also, the corresponding coefficierds, were always positive. The contribution &f is significant
(> 60%) except for the closed valve injection w@% IEGR (scenari®é of Table 1), as discussed
before. Also, the factow; in Eq. (4) was found to be much larger than ¢hdactors for higher modes.

This means the®*1imode largely represents the mean or average flami@osity, which is supported by
the qualitative similarity between the flame stunes in the ¥ mode and the average flame images of
Fig. 7. The peak values of Mode 1 are situated Ijnastone region implying that the fuel-air mixture
tends to autoignite primarily at one location ahd flame tends to propagate in a definite directidre
charge mostly autoignites, either near the priniialst valve (closed valve injection without iEGRdan
both open and closed valve injections with 40% iE@Rat the centre (open valve injection without
IEGR) and the flame travels from left to right.

Scenari Mear Mode 1 Mode = Mode ¢ Mode ¢ Mode ¢

Closed

Open

Close
40%
iIEGR

Oper
40%
IEGR

Closet
60%
iIEGR
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Fig. 7. Contour plots of the amplitude of the first fiv©BP modes for various scenarios. The average
image luminosity for each scenario is shown on. |&ach contour plot is normalized by the
corresponding maximum value. The colorbar rangenifblue to red) is (8- 1) for the mean and the
mode 1, and (-+ 1) for rest of the modes.

However, for closed valve injection with 60% IEG&enarie5 of Table 1), although the™1
mode contains only positive values, the faatgrin Eq. (4) is of the same order as (~a,/4) and a,

(=a; 110). Thus, the $ mode alone does not represent the mean. So,geewveilue contribution of the

1* mode is only 40% (Fig. 6). Also, interestingly, st®own in Fig. 7, the®lmode is not similar to the
average flame structure and the positions of theémeaare different. While the average image shdwes t
peak value near the primary inlet valve, the flatmacture represented by th&rhode indicates that the
charge autoignites mostly near the secondary \allee. Also, unlike the other scenarios, the dioecof

the flame propagation is not so evident in moded. the flame is spread across the cylinder. However
igniting the charge with spark discharge considgraffects the combustion characteristics. The ocamd
autoignition behaviour is ceased as evident froenitiereased contribution front' Inode (>60%), and
the charge autoignites principally at one locafiogar the spark plug) though the flame travels fright

to left unlike other scenarios.

As mentioned before, the ensemble average ofdbficients g i.e. the factors,, a5, etc. for
higher modes were found to be negligible in congmarito that for the Mode 1 (i.er;). Also, the
probability of the coefficients; (for any modeg , j > 1) having positive or negative values was nearly

about 50%. Thus, higher modes largely signify flations of image intensity. For any instantaneous
image, the deviation of the coefficients from mealue (i.e. factoraj/ ; see Eq. 5) for Mode 1 was found

to be either smaller or greater than the valueejébf higher modes. Hence, the consideration of higher

modes (¥ mode onwards) is important in order to represpatial variation of autoignition locations and
also multiple ignition sites, which cannot be olseérin Mode 1. It is observed in Fig.7 that for Mo2i
and Mode 3 the positive and negative values aréimmhto specific regions indicating two different
locations of a single autoignition sifdepending on the sign of the corresponding PODfic@ts).
Interestingly, the flame topology depicted by Mdlappears to be similar for all scenarios. The s@me
true for Mode 3 as well, however, for the scenaliased on closed valve injection with 40% and 60%
IEGR and without spark ignition the regions cormuting to the positive/negative values are not
localized rather spatially distributed indicatingsgibility of more than one site. The second mduevs

the presence of two peaks but with opposite sigm,positions of which can be different from thelkpea
location observed in Mode 1. We emphasize that évglode 2 and Mode 3 show two peaks, the peaks
have opposite sign. This means depending on thre cfighe POD coefficientsaf) being positive or
negative the contribution from a mode ieg.®; is decided. The positive contribution from eitpeak in
Mode 2 or 3 indicates a single autoignition sitbpse position can be different at different timstamts.
Thus, considering Mode 2 it can be observed thaevame of the peaks corresponds to the same tocati
as shown by Mode 1, the other peak indicates aadlpalifferent location. This is prominently obsed

for Scenario 5 and 6. Thus, while one of the pedkdode 2 corresponds to the same location as shown
by Mode 1, the other peak indicates a spatiallfeddht location. Mode 3 is similar to Mode 2, bahde
observed to be 9(phase shifted. Thus, Mode 1, Mode 2 and Mode rdfgithe higher probability of one
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autoignition site though its position is not rectted to a specific location in the cylinder. Still higher
modes indicate the presence of multiple autoigmies. For instance, in case of open valve iigect
(scenarie2 of Table 1), Mode 4 clearly shows the two igmitiocations (either of the two positive or the
two negative maxima). Mode 5 shows the same, bilt avidifferent phase. Here, Mode 4 and Mode 5
indicate the existence of two distinct ignitioresitappearing together. However, for closed valjgiion
(scenariel of Table 1), Mode 5 shows the existence of eithar sites (negative peaks) or one site
(positive peak). So the probability of two ignitigites for closed valve is smaller compared todpen
valve injection scenario. Also, as found previouslye number of autoignition sites increases with
increasing EGR in the cylinder. It can be noticleat the length scale of the flame structures tenllet
smaller for higher modes. This indicates that thecture of the flame is governed by the turbubsidies

of the flow, whose length scale is also expectedeitrease for smaller eddy sizes correspondingverl
turbulent kinetic energy.

3.3 Autoignition Development and its POD analysis

It should be noted that the images in the prevanalysis (Section 3.1) correspond to a specific
crank angle and the fuel air mixture autoignitechmtunknown timing before the image was recorded.
However, all processed images show the “early stagéd autoignition for each scenario. The
development rate of the autoignition site(s) waséndifferent for each operating condition, i.e.hwénd
without EGR or spark assisted ignition. So, tempfeatures of the autoignition flame development
cannot be discerned, for example, it is not knofvthé multiple sites of autoignition observed ire th
higher POD modes (see Fig. 7) begin at the same disnthe primary site as represented by Mode 1.
Moreover, direct comparison of the combustion ctiargstics, for instance, ignition delay, heat aske
rate etc. for the different scenarios, is not guwesiHence, it is essential to capture time resbfl@me
chemiluminescence images corresponding to the wigpligion process right from the beginning of
autoignition till the end of combustion. In the geat work, this is achieved by using high speed
photography. The measurements are repeated tonaiaensemble of 24 phase-locked images for any
given crank angle. As shown in Table 1, three stesavere investigated — closed valve injectionitign
with no iIEGR and with 40% iEGR, and open valve dtifn timing with no iIEGR. The respective typical
flame image sequences are shown in Fig. 8 to 18.‘flle’ (r in ms) corresponding to the sequential
images is relative to the TDC for all scenariossidered here. The time step was 0.07 ms for aficas

In the above figures, the time required to comnghyetombust the air-fuel mixture corresponds to
the image number 8 in Fig. 8, the image numbenldd. 9 and the image number 11 in Fig. 10. THus,
is recognized that the autoignition developmenbtimer words the reaction rate is slower for scen2ri
(open value injection) in comparison to that foersrio-1 (closed vale injection), and also, thectiea
rate is considerably slower for scenario-3 (clogalde injection with 40% iEGR) in comparison to tha
for scenario 1. We note here that the comparisghenfesults for the scenarios 1 and 2 is straogiverd
since only the injection method is different whillk other engine parameters are same (Table 1)cé{en
the slower reaction rate for scenario-2 is attedub the inhomogeneous charge distribution asatref
the open valve injection. However, for scenaridi8 inlet mixture temperature as well as the engine
speed were lower (as compared to scenario-1), weitice the reaction rate. Also, while in one hidued
IEGR dilutes the charge and so slows down the igrachte, on the other hand the high temperature of
the exhaust hot gases increases reaction rate glittbe net reaction rate due to these above effects
lower than that for scenario-1, it is not straighifard to conclude if the IEGR, engine speed orirtlet
temperature plays the most important role.
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0.074ms (1) 0.148ms (2) 0.222ms(3) 0.296ms (4) 0.370ms (5)

0.444ms (6) 0.518ms (7) 0.592ms (8) 0.666ms (9) 0.740ms (10)

0.814ms (11) 0.888ms (12) 0.962ms (13) 1.036ms (14) 1.110ms (15)

Fig. 8. Temporal sequences of flame chemiluminescent sitiermages of HCCI combustion for closed
valve injection timing recorded at 13500Hz; no iEARO0RPM, T7=210°C,n-heptane, A/F=23 (scenario
1 of Table 1). Note that the coordinates of thelysaare according to the image of Fig. 3.

0.074ms (1) 0.148ms (2) 0.222ms (3) 0.296ms (4) 0.370ms (5)

e e e

0.444ms (6) 0.518ms (7) 0.592ms (8) 0.666ms (9) 0.740ms (10)

1.184ms (16) 1.258ms (17) 1.332ms (18) 1.406ms (19) 1.480ms (20)
Fig. 9. Temporal sequences of flame chemiluminescent sittermages of HCCI combustion for closed
valve injection timing recorded at 13500Hz; 40% HEGG600RPM, T=110°C, n-heptane, A/F=17
(scenario 3 of Table 1). Note that the coordinafele graphs are according to the image of Fig. 3.
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0.074ms (1) 0.148ms (2) 0.222ms(3) 0.296ms (4) 0.370ms (5)

0.444ms (6) 0.518ms (7) 0.592ms (8) 0.666ms (9) 0.740ms (10)

0.814ms (11) 0.888ms (12) 0.962ms (13) 1.036ms (14) 1.110ms (15)

Fig. 10. Temporal sequences of flame chemiluminescent sitteimages of HCCI combustion for open
valve injection timing recorded at 13500Hz; no IEGROORPM, F=210°C,n-heptane, A/F=23 (scenario
2 of Table 1). Note that the coordinates of theplgsaare according to the image of Fig. 3.

For the quantitative analysis of the autoignittame development, POD was applied to each
ensemble of 24 images, for each time step. Incidse also, the POD modes and eigen values werd foun
to be statistically convergent for the consideresinber of images and scenarios. The cumulative
contributions of the eigenvalues obtained for défe time instants from the beginning of autoignitare
shown in Figs. 11, 13 and 15 for the closed valitbout IEGR, closed valve with 40% IEGR and open
valve conditions respectively (scenarios 1, 3 araf Zable 1). It is observed in Fig. 11 that fooszd
valve injection timing, the cumulative contributidrom the eigenvalues of POD modes increases with
time. This is expected, since the eigenvalue ofiffhmode remains much higher than that of the other
modes from the beginning of combustion and thenbde represents only one autoignition site (sge Fi
12, which presents the flame structures for that fivre POD modes at different time instances). ¢éen
as the autoignition flame develops, more fuel-aitane undergoes combustion and the tendency for th
mixture to randomly self-ignite ceases. Notice thray the first few time instants correspond to ¢agly
stage of combustion. Specifically, the cumulatiigee spectrum and the POD modesdar 0.222 ms
can be observed to resemble the corresponding fauothe random images for closed valve injection
(scenariol of Table 1) in Figs. 6 and 7 respectively. Coesith the flame development for earlier time
instants (before = 0.222 ms), the flame structure of tiiémode confirms that the autoignition mostly
originated near the primary inlet valve. Howevdryery early stage of combustion for= 0.074 ms,
Mode 3 indicates that the self ignition can alderahtively occur somewhere in between the prinaaigy
secondary inlet valves, though the probabilityhi$ is low (about 3%). Similar flame structure agsein
Mode 2 for the following time steps= 0.148 ms and 0.222 ms, with somewhat higheraiitity (about
6%) and also, the flame length scales are lardesudh, for even greater time instants, the protigluif
Mode 2 continuously reduces with development of phienary flame front (Mode 1). The multiple
maxima observed for higher modes at later timetstdo not correspond to the autoignition siteses
most of the fuel-air mixture is already burnt bysthime. Moreover, the corresponding eigenvalue
contribution is very low (~ 1%).
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Fig. 11. Cumulative eigenvalue contributions of the POD g®fbr closed valve injection timing without
IEGR (scenaridl of Table 1) for different times after initial igion and relative to TDC. The arrow
indicates increasing time.
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Fig. 12. Contour plots of the first five POD modes and ghageraged image luminosity for different
time instances for closed valve injection timingheut IEGR (scenarid of Table 1). The corresponding
eigen contributions of 1 POD modes are also shown. Each contour plot isnak@ed by the
corresponding maximum value. The colorbar rand® s 1) for the mean and the mode 1, arid= 1)
for rest of the modes.
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The cumulative contribution of eigenvalues forfeliént time instants for closed valve injection
with 40% IiEGR (scenari@ of Table 1) is shown in Fig. 13, and the corresiiag POD modes are
shown in Fig. 14. In this case, the cumulative migentributions and POD modes fo= 0.518 ms is
similar to the corresponding plots for the randonages presented before (Fig. 6). Unlike the trends
shown in Fig. 11, the contribution from the firetsf modes initially decreases till= 0.370 ms and then
increases. This can be explained by the multipkeignition sites at early stages of combustion, as
observed by the corresponding POD modes in FigAL4ery early stage the autoignition is primarily
initiated at some location close to the exhaustejgbr example, see the inset red circle in Moder the
time instant 0.1148 ms. However, in the beginningtiple secondary sites also appear as observigtin
first mode itself (see the inset white circles)nc® we are considering the closed valve injectlon t
charge homogeneity is expected, hence we attriltige above observation due to temperature
inhomogeneity as a consequence of IEGR and/or idet temperature of the charge. The Mode 2
represents that either the primary site or the reday sites may prevail (positive and negative peak
With progress in time, the secondary autoignititiessdevelop further (see the inset circles forttimee
instant 0.222 ms), and the contribution of the Mddeeduces though it still remains dominant. For
instance, from 0.222 ms to .296 ms, themode contribution reduces from 60% to 48%, while t
development of the secondary sites can be reall8grwed (compare Mode 2 at the two time instants).
Thereafter, possibly due to competence for oxygeilability as a consequence of proximity in the
primary and secondary sites, the primary site dates) while the secondary sites do not grow. Itlman
observed that at 0.370 ms, neither Mode 1 nor Mbdentains the secondary sites (compare with Mode 1
and 2 at previous time instants). Hence, the eagartribution from the Mode 1, which now depicts the
flame due to primary site only, again increasesldter time instants as the corresponding flametfro
develops further decreasing randomness of aut@gnift the later time instants, even if higher resd
(Mode 2 onward) show some randomness their locateme nearly same as the main flame front
represented by the Mode 1. Thus, they represeant facctuations of intensity within the main flame
front. Moreover, their contribution is lower as &@mrogresses.

We also note that in general low signal to noa®r(SNR) in the images (as observed in the
images for the early stages of flame developmest)its in more randomness and it results in reccti
of eigen contribution of POD modes. However, in fiiesent case this has minimal influence on the
structures depicted by initial POD modes espechlge 1. As shown in Fig. 14, for time instants7.0
ms and 0.148 ms, even if the SNR is low, the cbuatibns from Mode 1 are high. Moreover, even if we
neglect the first two time instants, it can be obsé that the trend in 1st mode contribution remaiame
i.e. it decreases initially and then increasest ifgtance, the eigen contribution of Mode 1 ateti;n222
ms, when the SNR seems to be higher than the previme instants, is 60%, which reduces to 48% at
time 0.296 ms when the SNR is higher. This give¥idence that the POD is able to capture the non-
random signal well in spite of low SNR at early ¢iinstants.

19



100 T T | W
* AR
90+ .
'
=
5 s -
3 -@-0.074 ms
5 7ot —m-0222ms ]
2 A 0370ms
m
g 60r —4-0.518 ms (similar to non-high speed images)
3
© ~40.666 ms
50+ .
—%—0.814 ms
40 1 | 1 | 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Mode No

Fig.13. Cumulative eigenvalue contribution of the POD n®der closed valve injection timing with
40% IiEGR (scenari@ of Table 1) for different times after initial igion and relative to TDC. The
arrows indicate increasing time.
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Fig. 14. Contour plots of the first five POD modes and ghageraged image luminosity for different
time instances for closed valve injection timingthwi40% IEGR (scenari8 of Table 1). The
corresponding eigen contributions 6f BOD modes are also shown. Each contour plot isalized by
the corresponding maximum value. The colorbar range— 1) for the mean and the mode 1, and<-1

1) for rest of the modes. The red and white circlgwesent primary and secondary autoignition sites
respectively.

Similar to the closed valve injection with 40% EG® open valve injection (scenasbof Table
1) as well, the eigenvalue contributions first @ese up ta = 0.222 ms and then increase, as shown in
Fig. 15. Fig. 16 presents the flame structuresesponding to the first five modes at different time
instances. For this case also, multiple autoigmiibes were present during the early combustiages,
which causes random combustion. The reason behiadcén be attributed to the inhomogeneities in
mixture fraction due to the charge stratification épen valve injection timing. The eigenvalue $pen
and the POD modes far= 0.296 ms are most similar to the same plotsrdodom images (Fig. 6
respectively), as presented before.
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Fig. 15. Cumulative eigenvalue contribution of the POD n®éta open valve injection timing without

IEGR (scenarie? of Table 1) for different times after initial igion and relative to TDC. The arrows
indicate increasing time.
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Open valve with no iIEG

Time M Mear Mode 1 Mode 2 Mode ? Mode ¢ Mode &

(ms) A
0.074 55%
0.148 43%
0.222 47%
0.296 62%
0.370 74%
0.444 83%
0.518 89%

Fig. 16. Contour plots of the first five POD modes and ghageraged image luminosity for different
time instances for open valve injection timing with iIEGR (scenari@ of Table 1). The corresponding
eigen contributions of 1 POD modes are also shown. Each contour plot isnakwed by the
corresponding maximum value. The colorbar rand® is 1) for the mean and the mode 1, and—<-1)
for rest of the modes.

In order to quantify the rate of combustion fog three operating scenarios (namely 1, 2 and 3 of
table 1) and also estimate the relative heat relea@®, the sum of eigenvalueQ () is considered such

that,

MP

Q, = Z;)lj (6)

i=
where M, is the total number of eigenvalues correspondinthé number of phase-locked images for
any time instant, which is equal to 24 in the pn¢sase. The subscrigt defines the mode number from
where the summation is defined. Thus, {r1, Q, implies summation of all eigenvalues frgra 1 to
M, similarly Q, is the summation of eigenvalues frgrs 2 toM,, and so on. The values 6, are

obtained at different time instants, which can fiterpreted as representative of time evolution e&m
and/or fluctuations of heat release rate. Fig. Has Q, as a function of time for the three operating

scenarios considered here. It can be observedhhadobtal eigenvalue first increases and then dsese
which, as expected, indicates the heat releasdromethe beginning of combustion till all the mixe is

burnt. Though not shown here, the time variationlp{corresponding to®imode) alone was found to be
close to that ofQ, . This is because the eigen-contributionbfis significant, as shown before in Figs
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11, 13 and 15. Also, the flame structures are waeugh similar to that of the mean image. Hence, the
plots of Fig. 17 can be considered as indicativemafan heat release rate for respective operating
conditions, and the corresponding time of the maxfrom the beginning (TDC) is an indicative of the

delay time (), Which is the time corresponding to maximum hetgase measured from the time of

start of ignition and represents the combustion. riitcan be observed that compared to scenarar-1 f
scenario-3,7,,,, increases by about two to three times, and alsathount of maximum heat release

rate is reduced by about 50%. Thus, it takes afbouible the time for the whole mixture to be combédst
due to engine operation with EGR. Due to the logiea speed (with IEGR case) the mixture takes more
time to autoignite, also simultaneous ignition aitiple points compress the remaining gases arttdur
increase the temperature and pressure, which teadssmoother combustion process. In addition, low
engine speed would lead to higher heat loss retguttlie reaction rate. In comparison to the clossddev
injection scenario, for the open-valve injectioerszrio, the delay time increases by about 50% evthi
heat release rate is reduced by 40%. Thus, thégaitton duration/speed is smaller/faster for thesed
valve injection compared to the open valve. Thisigsified by the mixture inhomogeneities due targe
stratification for the open valve injection timing.

:3X 10 T T T T T
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257 —&— Closed (Scenario - 1)
—— Closed 40 EGR (Scenario - 3)
8 2
=
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M
Fig. 17. Time evolution of the sum of the total number igie@values Q, = fAJ. ) for different operating
j=1

scenarios. Here, “total number¥f) refers to total number of phase-locked imageangttime instant.
The dashed vertical lines indicate respective defag (7, )-
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Summation of eigen values { Q)

(C) - time (ms)
Mp
Fig. 18. Temporal evolution ofQ,( =3 A;) for ¢= 2, 3...6, such thaf), implies summation of
i=¢

eigenvalues from"™ mode onwards, and so on for different operatirenados: closed valve injection
timing (a) without iIEGR and (b) with 40% iEGR anc) (open valve injection timing without iIEGR
(Scenaria 1, 3 and 2 of Table 1). For each pletddshed vertical line represents the corresporaétay

time (74,,), @nd the arrow indicates direction for higtier

For any considered time instant, the factgr (see Eq. 4) for Mode 1 was found to be much
larger thana,, a, etc. for higher modes, which can thus be consitireepresent fluctuations of flame

luminosity and, so, heat release rate. Fig. 18 shiw time variation of2,, Q., ..., Q. for different
scenarios. The dashed vertical line for any sceriadicates the position of corresponding maxima fo
Q, (Fig. 17) indicating the delay time,,,, - For any scenario, the plots of the value<(df indicate
evolution of fluctuations of heat release ratedifferent time after start of ignition, while, resgively,
excluding contribution of different flame structar@nodes). For exampl€?, indicates time variation of
heat release rate fluctuations without considetimg dominant single autoignition flame®(inode).
Similarly, Q, indicates the same excluding inode and the flame structures representing meiltipl

locations of single autoignition flame"t2zand &' modes), while including the contributions of mpiki
autoignition flames (3 mode onwards). It can be observed in Fig. 18 thatexpected, for any time

instant the magnitude of the values@f are progressively smaller for highgr (indicated by arrows),

and smaller than the correspondifyj in Fig. 17, thus indicating lower magnitude of heslease rate
fluctuations compared to the average value.
The overall trends ofQ, are similar toQ, in Fig. 17. The fluctuations of heat release finge

increase after the start of the ignition as theut mixture begins to combust, and then reduter afl
the mixture is burnt. Though, for all operating rsméos, a maximum can be observed @y similar to

Q,, a plateau is observed fd2,, Q,, etc. (( = 3). Also, interestingly, the maximum value(s) of
Q, occurs within the delay period (before the dashied representing the time corresponding to
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maximum of Q, ). This means the fluctuations of heat release patgbably due to multiple autoignition

sites, first increase and then remains constard fmrtain time period while the average heat seleate
still increases to reach its peak value, after twioth mean and fluctuations tend to reduce. Ithman
observed that this trend is more pronounced fagezlovalve injection timing with 40% iEGR (Fig. 18b)
compared to the case of no EGR (Fig. 18a), whictiues to greater role of higher POD modes as the
eigen-contributions are higher. For open valvediijg@ timing without iEGR, an exception occurs.

the values ofQ2, remain constant for a certain time period eveerdfte delay time %,,,,) though the

average heat release reduces during that time.

The results presented so far emphasizes the applicof POD as a valuable tool to obtain better
understanding of the physics of the HCCI ignitiongess for various scenarios. The POD analysikeof t
phase-locked as well as time dependent chemilumémes images revealed some of salient features of
spatio-temporal behavior of the autoignition chteadstics of fuel-air mixture. Especially, spatial
variations of single/multiple autoignition sites n@equantitatively assessed and time evolution cinme
and fluctuations of heat release could be discerfibdugh, simultaneous autoignition across the whol
cylinder is usually expected to contribute to highieermal efficiency of HCCI engines, the results
presented here highlight that autoignition may hapatial preference within the combustion chamber
with dominance of only one ignition site for closedlve injection condition. However, open valve
injection timing or addition of iIEGR lead to mul#pautoignition sites, which results in reductioih o
erratic temperature rise and promote higher theaffi@iency and lower emission.

4, Conclusions

Detail understanding on the autoignition charasties is essential for optimal performance of
HCCI engines under wider load engine speed comditibhe goal of the present paper was to investigat
the initiation and development of autoignition flarfronts in an optically accessible HCCI engine for
different operating scenarios by altering the iti@t timing, introducing internal Exhaust Gas
Recirculation (iIEGR) and/or spark ignition. The foral and the spatial repeatability of the autdigni
sites were evaluated by the proper orthogonal dposition (POD) analysis of the flame
chemiluminescence images and the results are cechfar different operating scenarios.

POD was first applied to the phase-locked flamentiluminescence images corresponding to a
specific crank angle of different engine cyclest boknown timing relative to the beginning of the
autoignition of the fuel air mixture. Thé' POD mode was similar to the mean flame image faases.
Also, except for the closed valve injection timingh 60% iEGR, the eigenvalues contribution of the
1* POD mode was always significant (>60%). In additithe flame structure depicted by tHémode
confirmed the dominance of a single autoignitidie siriginating from a specific location depending o
the operating scenario under consideration. Howeter flame topology shown by thé®znd therg
POD modes indicated the possibility of two diffartacations of a single autoignition site. Intenegly,
those locations may be different from the domirgingle autoignition site represented by Mode 1. The
higher modes signified the presence of multiplessiof autoignition, which was found to be more
probable with increasing IEGR for both open andsetb valve injection timings. For closed valve
injection timing with 60% IEGR, the eigenvalue foe £' mode contributes only 40% of the total energy
of the eigenvalues and the corresponding flametstre indicated non-uniform flame propagation, whil
the higher POD modes indicated multiple autoignitgites. This was attributed to the temperature
inhomogeneity resulting due to the large EGR a$ agethe low inlet mxture temperature and low eagin
speed, which increase the random combustion bahafithe mixture. However, the addition of spark
discharge led to significantly increased contribatirom the eigenvalues of all the modes, implying
suppression of the tendency of the mixture for ceimd¢ombustion initiation.

POD was also applied to the ensemble of time-dig@nflame chemiluminescence images for
three operating scenarios, namely closed valvectioje timing without and with 40% iIEGR and open
valve injection timing without iEGR. It was founlat the contribution of the eigenvalues of thet fiesv
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POD modes monotonically increases with time fosetbvalve injection timing without EGR, while for
the other two cases they first decrease and thmadee. At the very early stages of flame developme
the random initiation of combustion, due to inhomogjty in temperature distribution caused by EGR or
mixture fraction distribution due to charge stiatifion during open valve injection timing, leads t
multiple autoignition sites, which dominates ovee tendency of the primary flame to reduce the sand

ignition. Based on the time evolution of the sunthe total number of eigenvalueQ(), which depicts

average heat release rate, it was found thathfockosed valve injection timing, addition of 40%IE
(and low inlet charge temperature and engine spesabes longer delay (about three times) and lower
heat release rate (about 50%) compared to thenidsaut EGR. Similar observations were found fag th
open valve injection timing in comparison to theosgld valve injection timing. The sum of the
eigenvalues excluding the eigen value for the Mbdeas obtained, which represents the fluctuatidns o
heat release. Interestingly, the corresponding tawelution showed that the maximum heat release
fluctuations occurs earlier than the time corresimyto the peak average heat release. This ia dge
to the multiple autoignition sites at early comhusistages.

The reported results demonstrate the importanc®@D analysis on further improving the
knowledge of autoignition characteristics in IC imeg. The current findings may provide guidelines f
improved control of HCCI engine operation leadiadntgher thermal efficiency and lower emissions.
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