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ABSTRACT

Through comprehensive experimental and modeling efforts, this work unravels the underlying mechanisms governing flame development
and misfire at advanced engine conditions that are representative of low-load and lean blow-out operations. Toward this, preliminary heat
release, autoignition, and flame developing patterns are characterized, via a case study of n-heptane, at ultra-lean conditions in a well-
controlled optical engine under various combustion modes including homogeneous charge compression ignition (HCCI), partially premixed
combustion (PPC), and reactivity-controlled compression ignition (RCCI). Changes in preliminary heat release and flame developing pat-
terns at three overall equivalence ratios (0.12, 0.18, and 0.24) are first characterized under the PPC mode. Flame development characteristics
including flame areas and number of initial flame kernels at close-to-misfire conditions are further extracted and compared across the HCCI,
RCCI, and three PPC modes, with two distinctive and one transition regimes identified. Further analyses indicate that sustainable flame
development and misfire are largely controlled by the spatial distribution of local equivalence ratio (phi) and local temperature in the mixture,
which dictate the initial flame kernel generation and the subsequent flame propagation through localized preliminary heat release and autoig-
nition. Chemical kinetic modeling is also undertaken, using a recently updated gasoline chemistry model, in conjunction with a backpropaga-
tion neural network, where the predicted ignition delay map well captures the different regions of flame development. Further kinetic
analysis and heat rate of production per reaction analysis corroborate the CH,O planar laser-induced fluorescence experiments and highlight
the important chemical kinetics that govern the initial flame development patterns.
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HCCI  Homogeneous charge compression ignition PLIF  Planar laser-induced fluorescence
HRR H.eat release rate PPC  Partially premixed combustion
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I. INTRODUCTION

Partially premixed combustion (PPC) mode involves air—fuel
mixture that exhibits partial mixing, falling between a fully homoge-
neous mixture and a non-premixed mixture. PPC is commonly uti-
lized in reciprocating internal combustion engine (ICE) and gas
turbine engines.' ’ Benefiting from low engine-out emissions and bet-
ter combustion controllability, PPC has aroused wide attention.
Nevertheless, there are also some limitations for PPC. For instance, the
lean-premixed (LPM) combustion mode in gas turbine combustor is
often operated near the blow-out limit. The flow instability can cause
equivalence ratio (phi) oscillation, which might further incur thermo-
acoustic oscillation and combustion instabilities that damage the com-
bustor."* " In reciprocating ICE, the combustion instability can lead to
decreased thermal efficiency, increased unburnt hydrocarbon (UHC)
emissions, and enhanced cycle-to-cycle variations at low-load condi-
tions.”*’ Although the combustion devices are different, the combus-
tion instability or the lean blow-out limit is a general issue that needs
to be concerned at engine low-load conditions.

Combustion instability, or the lean blow-out limit, under engine
low-load conditions is affected greatly by unsustainable flame develop-
ment leading to misfire. Spray flame misfire mechanism has been
investigated previously, both numerically and experimentally.'” '* Liu
et al.'’ numerically investigated the critical environment temperature
for n-dodecane spray flame autoignition characteristics at low-load
and cold-start conditions. Results showed that the low temperature
reaction (LTR) area moves toward the downstream fuel spray as the
ambient temperature decreases, resulting in insufficient heat release.
The decomposition of H,O, could not be triggered and misfire
occurred. Shi et al.'' numerically studied the influences of injection
pressure on the autoignition behavior of n-dodecane spray flame. They
found that with the injection pressure increasing, the total ignition
delay decreased first and then increased due to the competition
between the diffusion dominated first stage ignition delay and chemis-
try dominated second-stage induction time. The results were consis-
tent with the experimental study from Chen et al,'” in which the
ignition delay first shortened and then prolonged with the injection
pressure increasing at quasi-critical ignition temperature. These studies
involving flame misfire have mainly been focusing on spray flame
using mostly numerical simulations, while there is an obvious lack of
experimental investigations on misfire, let alone those involved in
PPC. In addition, the underlying reason for misfire has barely been
analyzed.

Identifying flame development pattern has been an effective
method to determine whether misfire might occur. Multipoint autoig-
nition pattern and flame propagation pattern are two typical flame
development patterns found in reciprocating ICE. The criterion to
determine either autoignition or flame propagation was proposed
mainly via direct numerical simulation (DNS). Bansal et al."” proposed
the Damkaohler number of HO, species (Dayo,) to determine the dif-
fusion or reaction dominated combustion. They demarcated the igni-
tion mode as quenching premixed flame when Day(, is less than 0.4,
deflagration front when Dayo, is between 0.4 and 1.4, spontaneous
ignition front when Dayo, is larger than 1.4. Many researchers, such
as Yoo et al.,"* Luong et al,'”>'° Su et al.,'” have also proposed criteria
based on the Damkohler number to determine the flame development
pattern. The determination method also includes chemical explosive
mode analysis (CEMA),"®™ ratio of different chemical reaction
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rates,”’ etc. Though the criterion to determine the autoignition or
flame propagation has been proposed, it is mainly through numerical
simulations, whereas experimental studies of the flame development
pattern of PPC at or close to misfire conditions are scarce.

With recent advances in artificial intelligence (AI) technology, it
has also been utilized to assist in monitoring the combustion instabil-
ity. Zhou et al.”* monitored combustion instability using a convolu-
tional neural network (CNN) in the stratified swirl flame. Results
showed that the CNN could effectively monitor the combustion state
with an accuracy of 99%, and it showed a good generalization ability
for eight unknown operation conditions. Wang et al.”* designed a
novel deep learning mode to detect the combustion condition in fur-
nace and measured the heat release condition. The prediction mode
achieved a predictive accuracy of 99.9% with the speed of 1 ms per
image. Though the purely data-driven models have the ability to repli-
cate experimental observations adequately, the poor generalization
performance has made it challenging to extrapolate beyond uncharted
conditions.”* Overall, the Al-assisted combustion characterization has
been widely utilized in various combustion devices, but it is mainly
concentrated on the prediction of combustion state based on the time
sequential images or videos without sufficient physical description.

To address these needs, this study targets to comprehend the
underlying mechanisms governing misfire at a range of advanced
engine conditions (HCCI, PPC, and RCCI) in a well-controlled optical
engine. Toward this, heat release, autoignition, and flame development
patterns are characterized via multiple optical diagnostic methods,
including natural/OH" flame natural luminosity imaging and fuel-
tracer/formaldehyde planar laser-induced fluorescence (PLIF). Critical
parameters that are representative of local mixture reactivity are
extracted. The impact of these parameters on flame development pat-
terns is analyzed through experimental observations, as well as kinetic
analyses coupling a recently developed chemical kinetic model and a
backpropagation (BP) neural network. Finally, the importance of indi-
vidual reactions governing the preliminary heat release behavior is
determined along with insights toward controlling flame development
at advanced engine conditions.

Il. METHODOLOGIES
A. Engine system

The experiments are conducted in a modified optical diesel engine.
The schematic diagram of it is shown in Fig. 1. The detailed geometric
parameters are summarized in our previous work.”” The bore diameter
and stroke are 92 and 100 mm, respectively. The compression ratio is set
at approximately 11:1. The injector has six holes with the corresponding
spray included angle of 150° and injector hole diameter of 0.15 mm.
More details of the engine facility can be found in Ref. 25.

The schematic diagram of inside the cylinder is illustrated in
Fig. 2. The combustion chamber shape is cylindrical. To allow the laser
sheet entering, there is an incision with the width of 40mm in the
combustion chamber wall. During the experiments, the flame natural
luminosity signal or the excited fluorescence signal passes through the
quartz window, which is then reflected by the UV-enhanced reflection
mirror and recorded by the horizontal-arranged camera.

B. Flame imaging technology

Multiple optical diagnostic methods are adopted in this study.
Flame or OH" natural luminosity imaging is performed without the
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Air filter

uel injection
system control system

FIG. 1. The optical engine system.

utilization of laser, where the light signal is recorded through the high-
speed camera or ICCD camera, respectively, in the experiment.

To record the flame natural luminosity images, a high-speed
camera (Photron SA5) equipped with a focal length of 50 mm Nikon
lens is used. The aperture number is set at F1.4. The shooting fre-
quency is 20 000 frames per second (fps). The corresponding exposure
time is 50 us, which corresponds to a temporal resolution of 0.36 °CA
when the engine speed is 1200 revolutions per minute (rpm).

To record the OH" natural luminosity images, an ICCD camera
(DH?734i-18F-03, Andor) equipped with a focal length of 100 mm
ultraviolet Nikon lens is used. The wavelength of OH" chemilumines-
cence emission is between 306 and 310 nm.”® To filter out the distur-
bance of other noise, two bandpass filters are mounted in front of the
lens of the ICCD camera. One filter has a center wavelength of 320 nm
with full width at half maxima (FWHM) of 40 nm. The other filter has
a center wavelength of 315 nm with FWHM of 15 nm. The aperture of
the lens is set at F4.5. The exposure time is 100 us and gain level is 100.
As for ICCD camera, limited by its shooting frequency, it can record
only one image at each combustion event. Five images are averaged to
eliminate the cycle-to-cycle variation.

Cylinder head
DI injector

Annular cylinder liner

Quartz window

Removable cylinder liner

Extended piston

UV-enhanced reflection mirror —-]

Cylinder block ‘@’
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C. Fuel-tracer/formaldehyde PLIF

The 266 nm laser (60 mJ/pulse) is utilized for fuel-tracer PLIF
experiment, and the 355nm laser (70 mJ/pulse), for formaldehyde
PLIF experiment, respectively, which is generated from a Nd:YAG
laser. The schematic diagram of the PLIF experiment is illustrated in
Fig. 3. A laser sheet with 30mm wide and 1 mm thick is formed
through the cylindrical lens group, which is located in a plane 10 mm
below the firedeck.

In the fuel-tracer PLIF experiments, acetone is utilized as the
fuel tracer. The fluorescence spectrum of iso-octane (90%,)/acetone
(10%,) mixture excited by the 266 nm laser with and without filter is
illustrated in Fig. 4. Two Semrock filters, which include an edge filter
and a long-pass filter, are utilized to isolate the 266 nm laser and to
retain the light signal in the wavelength length of 390-475nm. The
ICCD camera was utilized with the exposure time of 50 ns and gain
level of 200, respectively. The lens aperture is F4.5. The detailed
imaging process can be found in previous work.”” After the image
post-processing, the in-cylinder local phi can be obtained. The local
temperature can also be calculated by only considering the fuel evap-
oration effects.

In the formaldehyde PLIF experiment, a third harmonic laser of
355nm is utilized. The spectrum of formaldehyde fluorescence is in
the range 390-480 nm. The selection of filters group and the setup of
ICCD camera are the same as those in the fuel-tracer PLIF experiment
as mentioned earlier.

D. Engine operation conditions

The engine speed is 1200 rpm, and the skip-fire mode is uti-
lized, with one combustion cycle in every other 20 continuous non-
fired cycles. The purpose is to reduce the thermal stress and the fail-
ure on the visualization quartz window. The detailed parameters of
engine operation conditions are summarized in Table I. The intake
temperature is maintained at 125 °C. The coolant temperature is set
at 95 °C to ensure stable engine operation. The DI fuel mass per cycle
is adjusted at three levels, namely 4, 6, and 8 mg, which corresponds
to an overall phi of 0.12, 0.18, and 0.24, respectively. The DI pressure
and DI timing are also adjusted to create stable combustion or mis-
fire condition.

[ Cylinder Head
[ Extended Piston
[ Quartz Window

— Bore (0 92 mm)
— == Combustion Chamber (© 63 mm)
—— Intake Valve
—— Exhaust Valve
o Injector (6 x 150 um = 150°)

FIG. 2. Schematic diagram of the cylinder and combustion chamber.
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FIG. 3. Schematic diagram of the laser setup.

E. Chemical kinetic modeling and backpropagation
(BP) neural network

The BP neural network structure is illustrated in Fig. 5. The
parameters of phi and ambient temperature are selected as the input.
The output parameter is the ignition delay. The dataset included 7216
groups of ignition delay points at conditions that are representative of
the diesel engine, which are obtained through the closed homogeneous
batch reactor in CHEMKIN PRO software. The chemical kinetic
model developed by the Lawrence Livermore National Laboratory
(LLNL) mechanism is selected to conduct the simulations.”” In the
simulations, the phi is between 0.25 and 2.0 with a step of 0.01. The
mixture temperature is adjusted between 600 and 1000 K with a step
of 10K. The ambient pressure is fixed at 18 bar at 12 °CA based on the
in-cylinder pressure curve, as justified below.

The testing set includes randomly selected 361 groups of the igni-
tion delay points, which accounts for 5% of the total dataset. 90% of
the total dataset are selected as the training set and 5% of the total
dataset are selected as the validation set randomly.

ARTICLE
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TABLE . Detailed parameters of engine operation conditions.

Parameter Value
Engine speed/rpm 1200
Intake temperature/°C 125
Coolant temperature/°C 95

DI fuel N-heptane
DI fuel mass per cycle/mg 4,6,8
Overall phi 0.12,0.18, 0.24
DI pressure/bar 300, 600, 1000
DI timing/°CA ATDC —25, =5

After optimizing the hyperparameters in the BP neural network,
one hidden layer is obtained, and the number of neurons in the hidden
layer is set at 15. The activation functions of logsig and purelin are uti-
lized in the hidden layer and the output layer, respectively. The
detailed mathematic expressions of them are shown in the following
equations:

logsig : _ 2 1
ogsig :0(z) = =t (1)
purelin : ¢(z) = z. ()

Three metrics of Pearson correlation coefficient (R value), mean
square error (MSE), and mean relative error (MRE) are utilized to
evaluate its prediction performance. The detailed mathematic expres-
sions of them are shown in Egs. (3), (4), and (5), where cov(X,Y) rep-
resents the covariance between predicted value (X) and ground truth
(Y), i.e, the simulated ignition delay using CHEMKIN PRO, oy and
oy represent the standard deviation in X and Y, respectively, x; and y;
represent the vector of predicted value and ground truth, respectively,
and N represents data points number in the testing set:

cov(X,Y)

p(X,Y) = “oxor (3)

1.4x10° . —
urelin: 6(z) = z

— No filter P ( )

1.2x10° - —— FF01-492/SP-25 + BLP01-364R-25
’__'_5‘ 1.0x10° -
&
2 8.0x10° | .
» Equivalence
5 ratio
E eox10° -
e Ignition
S delay
3 4.0x10° |

Mixture
temperature
2.0x10° - L A (K)
0.0 -J 1 1 1 1 1 1 1 1 1 1
250 275 300 325 350 375 400 425 450 475 500 525
Wavelength (nm)
FIG. 4. Fluorescence spectrum of an iso-octane (90%,)/acetone (10%,) mixture
excited by 266 nm laser with (red line) and without filter (black line). FIG. 5. The BP neural network structure.
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lll. RESULTS AND DISCUSSION

A. Flame characteristics at different overall phi
conditions

To investigate the characteristics of flame development progress at
different overall phi close to misfire at low load conditions, the overall
phi varied, including 0.12, 0.18, and 0.24. The DI pressure and DI tim-
ing are selected as 600 bar and —25°CA ATDC (crank angle after top
dead center), respectively. The in-cylinder conditions at different overall
phi are illustrated in Fig. 6. It can be found that with the overall phi
increasing, the starting point of high temperature heat release (HTHR)
advances moderately. The in-cylinder pressure curve peak and HRR
curve peak also increase. When the overall phi is 0.12, the HRR curve
shows that the weak heat release process exists during —5 to 0°CA
ATDC, indicating that this boundary condition is close to misfire.

At different overall phi conditions, flame natural luminosity
images are illustrated in Fig. 7. The number represents the crank angle
and light intensity enhancement factor in the upper and lower right
corner, respectively. When the overall phi is 0.12 (Fig. 7 upper panel),
though it is close to misfire, a few autoignition flame kernels are shown
in the combustion chamber at the initial stage of combustion (e.g.,
before —2.00°CA). These flame kernels cannot cause spontaneous
combustion of its surrounding mixture or sustain flame propagation,
thus resulting in misfire. This is featured by the inability to maintain
the increase in in-cylinder pressure and HRR, as observed in Fig. 6.
With the overall phi increasing, the flame natural luminosity intensity
and the number of flame kernels clearly increase. When the overall phi
is 0.24 (Fig. 7 lower panel), it is clear that the two initial flame kernels
evolve into sustainably propagating flames. In the middle stage of com-
bustion, the flame area (e.g., —3.44°CA) is considerably greater than
that at the overall phi of 0.12 (e.g., —3.08 °CA). This corroborates the
trends illustrated in Fig. 6, where greater heat release rate and peak
pressure are observed at overall phi of 0.24.

35 . ; : . . 150
Overall equivalence ratio:| |DI pressure: 600 bar
30 H phi=0.24 DI timing: -25°CA ATDC 125

—— phi=0.18
(= phi=0.12

100

75

P/MPa
HRR/(JI°CA)

%
=)

Crank angle/°CA ATDC

FIG. 6. The in-cylinder conditions at different overall phi. (Solid lines: in-cylinder
pressure. Dotted lines: heat release rate.)
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FIG. 7. Flame natural luminosity images at different overall phi.

To better understand the underlying mechanism governing mis-
fire, the fuel-tracer PLIF method is utilized to quantify the in-cylinder
local phi. The local phi distribution at different overall phi is illustrated
in Fig. 8. Four different timings are selected, namely —20, —15, —10,
and —7°CA. —20°CA represents a timing close to the injection tim-
ing, while —15, —10, and —7°CA approximately mark the onset of
low temperature heat release (LTHR), the end of LTHR, and the start
of HTHR, as shown in Fig. 6. It is seen from Fig. 8 that when the fuel
spray proceeds to —20 °CA, the local phi of the fuel spray is still main-
tained at a high level, even though the overall phi is only 0.12. The local
phi in the central region of the fuel spray is generally in the range of 3—
5, with the densest region exceeding 6. For the conditions of overall
phi of 0.18 and 0.24, since it is still in the fuel injection duration at
—20°CA, the local phi exceeds 9 in the densest region. With the fuel
spray further developing, the surrounding air is entrained into the fuel
spray, and the local phi gradually decreases. At —15 °CA, the fuel spray
on the left impinges on the combustion chamber wall, and the fuel
spray spreads along the combustion chamber wall arc due to the injec-
tion momentum. Compared with the condition of overall phi of 0.12,
when the overall phi increases to 0.24, the local phi in the fuel spray on
the left of the visualization window increases to around 0.6-1.4
along the injection direction, with the densest region reaching 2. It is
worth noting that there is a 40 mm gap on the right side of the visuali-
zation area to allow the laser sheet to enter, so the rightmost fuel
spray does not impinge on the combustion chamber wall. As for other
fuel sprays, the impingement spot is beyond the laser visualization
region.

According to the study from Wang et al.,” the air-fuel mixture
recirculation zone is formed in the cambered region of the combustion
chamber wall between the two adjacent fuel spray impingement spots.
The downstream vortex structures formed by the two adjacent fuel
spray impinging on the combustion chamber collide in the recircula-
tion zone and rotate in the opposite directions, thus enhancing turbu-
lent disturbances in the recirculation zone and having an important
impact on the formation of initial autoignition flame kernels. The
effects of enhancing local phi via recirculation zone is more pro-
nounced at higher overall phi conditions (e.g., 0.18 and 0.24) as illus-
trated in Fig. 8, as highlighted by the red boxes. It is worth noting that
the clockwise vortex exists inside the cylinder. This is most obvious at
the overall phi of 0.24, as highlighted in Fig. 8 (cf. red boxed region at
—10°CA). As the crankshaft angle increases, the recirculation zone
also moves along the clockwise direction. At —7 °CA where it is close
to HTHR, the local phi is significantly lower at the condition of overall
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FIG. 8. The local phi distribution at different overall phi.

phi of 0.12 when compared with that at the conditions of overall phi of
0.18 and 0.24.

Formaldehyde has been widely used as the marker of LTHR, and
it is usually excited by the 355nm laser and utilized to indicate the
intensity of low temperature chemistry. The OH radical is dominantly
produced via H,O, decomposition at intermediate to high tempera-
tures, which can be utilized to represent the intensity of high tempera-
ture chemistry. The formaldehyde PLIF images and OH" natural
luminosity images at different overall phi are illustrated in Figs. 9 and
10, respectively. The images in Fig. 9 span from —15 to —6°CA, to
enclose the entire LTHR process as observed in Fig. 6, while the images
in Fig. 10 covers the range of —7.5 to —3 °CA, to represent the HTHR
regime. Immediately seen from Fig. 9 are the obvious PLIF signals of
formaldehyde at —15°CA under all three phi conditions, indicating
that LTHR has already been triggered. At this timing, it is clear that
the signal is the strongest under the overall phi of 0.18. This aligns well
with the trend observed in Fig. 6, where LTHR onset is the earliest

under the overall phi of 0.18. At —11 °CA, the formaldehyde PLIF sig-
nal is enhanced at all conditions since this timing approximately corre-
sponds to maximum LTHR, as can be seen from Fig. 6. Particularly,
when the overall phi is 0.24, the formaldehyde PLIF signal is enhanced
as highlighted by the red box (recirculation zone) in Fig. 9, resulting
from better mixing of fuel and air within this region, as can be inferred
from Fig. 8 (lower panel) where the local phi at the vortex is around
1.0 at —10°CA. At —6°CA, where it is close to the commencement of
HTHR, most of the formaldehyde PLIF signal disappears for the over-
all phi of 0.24. As for the conditions of the overall phi of 0.12 and 0.18,
the formaldehyde PLIF signal is still observed at —6°CA, with a more
even distribution observed for the case of 0.12. Again, these trends
agree with the HRR results in Fig. 6 where the LTHR duration under
the overall phi of 0.24 is the shortest.

Comparing the formaldehyde PLIF images with the OH" natural
luminosity images illustrated in Fig. 10, it is clear that OH radicals are
not massively produced until CH,O is mostly consumed. The OH"

CH,O-PLIF -
phi=0.12 .
3000
2000
1000
0 (a.u.)

FIG. 9. In-cylinder formaldehyde PLIF signal distribution at different overall phi.
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signals overlap highly with the initial flame kernels as observed in
Fig. 7, indicating that OH radicals are critical to the evolution of flame
kernels. Under the overall phi of 0.12 (Fig. 10, upper panel), the OH"
signal area and intensity are the lowest among the three conditions.
The generated OH radicals quickly dissipate at —3 °CA, as the adjacent
mixture is too lean to sustain the production of OH radicals. As a
result, the initial flame kernels cannot evolve into a stably propagating
flame, hence misfire. As the overall phi increases to 0.24, due to the
enhanced local phi near the initial flame kernels via pronounced recir-
culation (c.f, Fig. 8), the initial flame kernels evolve into flame fronts
that propagate stably, as can be inferred from expanding the OH" sig-
nal area and the enhanced signal intensity in Fig. 10 (lower panel).

B. Flame development features at close to misfire
conditions

To further examine the flame development features under PPC
mode at close to misfire conditions, two typical flame development fea-
tures are illustrated in Fig. 12, including a multipoint autoignition
dominated combustion cycle under the HCCI mode and a flame prop-
agation dominated combustion under the RCCI mode at close to mis-
fire conditions. Engine operation conditions under HCCI mode and
RCCI mode at close to misfire conditions can be found in Table II.

Under the HCCI mode, the DI timing was —180 °CA to form rel-
atively homogeneous air—fuel mixtures. However, many relevant stud-
ies have demonstrated that there is the existence of certain mixture
concentration and temperature heterogeneity inside the combustion
chamber.””" The combustion process of HCCI is dominated by

800
600
400
200

0(a.u.)

multipoint autoignition as illustrated in Fig. 12, in which several blue
initial flame kernels are generated simultaneously throughout the com-
bustion chamber. The flame kernels develop rapidly and fill the entire
combustion chamber in a short time, resulting in high peaks of in-
cylinder pressure and heat release rate as illustrated in Fig. 11.

Under the RCCI mode at close to misfire condition, the flame
development pattern changes significantly. As illustrated in Fig. 12
(lower panel), the homogeneous low reactivity charge is ignited by the
high reactivity charge, and only one autoignition flame kernel is
formed. Because the piston is moving downward, the in-cylinder ther-
modynamic environment decreases, which cannot assist in the forma-
tion of new autoignition flame kernels. The single flame kernel
develops mainly via low-speed flame propagation, which is similar to
that of spark-ignited engine. At 23.56 °CA, other two small initial auto-
ignition flame kernels are formed in the upper part of the combustion
chamber, though the number of flame kernels is still limited.
Therefore, as illustrated in Fig. 11, the in-cylinder pressure curve and
HRR curve show a slight increase far away from TDC. Compared to
the two combustion modes, the flame development features of PPC,
especially at close to misfire condition, are more complicated. Whether
PPC misfire is governed by the characteristics of flame propagation or
multipoint autoignition dominated combustion remains unclear.

Flame development features at different combustion modes and
operation conditions are illustrated in Fig. 13. The flame area and the
number of flame kernels are identified via the Image Region Analyzer
Tool in MATLAB with proper thresholds used. The averaged flame
area is calculated by the flame area divided by the number of flame
kernels. It should be noted that in Fig. 13, the combustion onset

01:67:90 6202 Jequiardes £0

TABLE II. Engine operation conditions under HCCI mode and RCCI mode at close to misfire conditions.

Combustion PI timing DI timing Injection masses per cycle
mode PI fuel (°CA ATDC) DI fuel (°CA ATDC) (PI/DI)yo1 (mg/cyc equivalent heat of n-heptane)
HCCI e e N-heptane —180 0:10 16.6

RCCI Methanol —360 N-heptane —15 7:3 34.0
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FIG. 11. The in-cylinder conditions at different combustion modes (Solid lines: in-
cylinder pressure. Dotted lines: heat release rate).

timing, which is the timing when the light signal in flame natural lumi-
nosity images is first recorded, is shifted to the same timing to conve-
niently compare the flame development features under different
combustion modes and operation conditions. The flame area charac-
teristics are selected for analysis as they can be used to identify the
flame propagation or multipoint autoignition dominated combustion
pattern.

In Fig. 13(a), it can be found that the multipoint autoignition
dominated combustion under the HCCI mode features the most rapid
speed to reach the maximum flame area, which needs merely 1.80 °CA
and corresponds to 0.25ms at the engine speed of 1200 rpm. On the
other hand, the flame propagation dominated combustion under the
RCCI mode at close to misfire condition features a very low speed to
reach its maximum flame area, which takes 21.96 °CA (3.05 ms) and is
about 12 times longer than that of multipoint autoignition dominated
combustion. The first derivative of flame area with respect to flame
development time can serve as an indication of flame development
speed. Similar trends can also be seen from the first derivative of flame
area as illustrated in Fig. 13(b), where the peak value under the HCCI
mode is significantly higher than that under that RCCI mode. It is
obvious in Fig. 13(a) that the flame area under the PPC modes cannot
reach those under the HCCI and RCCI modes. This is expected, as
under both HCCI mode and RCCI modes, the combustion chamber is

HCCI
DI-180

ARTICLE pubs.aip.org/aip/pof

charged with a relatively homogeneous mixture that can sustain flame
development throughout the combustion changer. However, under
the PPC modes where direct fuel injection is used, significant concen-
tration stratification presents in the combustion chamber. With such
stratification, flame cannot develop toward the leaner region of the
combustion chamber, hence a smaller flame area. With the overall phi
decreasing, the flame area under the PPC mode decreases
considerably.

The number of flame kernels under different combustion modes
is illustrated in Fig. 13(c). Under the HCCI mode, the number of flame
kernels displays a rapid increase to 12, leading to a great value in the
first derivative of the number of flame kernels as illustrated in
Fig. 13(d). After ~0.72°CA, the individual flame kernels merge to
form a larger flame area, and the number of flame kernels begins to
decrease rapidly. A characteristically different trend is observed under
the RCCI mode, where the number of flame kernels remains at a low
level (e.g., no more than three) throughout the combustion process.
The corresponding first derivative of the number of flame kernels
shows a very limited rate of flame generation and mergence under this
combustion mode. Under the PPC modes, the development pattern of
the number of flame kernels is between that under the HCCI mode
and that under the RCCI mode. When the overall phi is 0.18 and 0.24,
the number of flame kernels has a similar peak with that observed
under the HCCI mode, though with a lower increasing rate and stron-
ger oscillations, as can be seen in Fig. 13(d). When the overall phi is
0.12, the number of flame kernels is less, which decreases rapidly as
the flame kernels are quenched by the low local phi (cf. Figs. 7 and 8).

The averaged flame area is illustrated in Fig. 13(e). Although the
number of flame kernels under the PPC modes (i.e., phi=0.18 and
0.24) is similar to that under the HCCI mode, the average flame area
under the PPC modes is significantly lower, indicating that smaller ini-
tial flame kernels are favored under the PPC modes. Without the sub-
sequent flame development for individual flame kernels, the averaged
flame area becomes limited. This is most obvious at the overall phi of
0.12, where the averaged flame area is close to zero.

Overall, the multipoint autoignition dominated combustion
mode (i.e, the HCCI mode) features rapid and more pronounced
development in flame area, the number of flame kernels and averaged
flame area, while the flame propagation dominated combustion mode
(i.e., the RCCI mode at close to misfire condition) exhibits a prolonged
flame development process with the least number of flame kernels. As
for the PPC modes, although the number of flame kernels is relatively
high at relatively higher overall phi condition, the averaged flame area

FIG. 12. Two different flame development features including multipoint autoignition dominated combustion for HCCI and flame propagation dominated combustion for RCCI at

close to misfire condition.
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FIG. 13. Flame development features at different combustion modes and operation conditions. (a) Flame area, (b) first derivative of flame area, (c) number of flame kernels, (d)
first derivative of the number of flame kemels, (€) averaged flame area, and (f) first derivative of averaged flame area.
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FIG. 14. The local phi and temperature distribution in different regions under the PPC modes.

remains small. At close to misfire condition (e.g., overall phi of 0.12),
the number of flame kernels, the averaged flame area, and the maxi-
mum flame area are seriously limited.

C. Machine learning-assisted kinetic analyses

With the local phi and temperature distribution, the boundary
conditions behind the misfire region can be quantified for further anal-
ysis and prediction. The local phi and temperature distribution in dif-
ferent regions are illustrated in Fig. 14. The DI timing was fixed at
—5°CA, and the DI fuel mass per cycle was 8 mg (corresponding to an
overall phi of 0.24), while the DI pressure varies from 300 to 1000 bar.
A stable combustion is seen at lower DI pressure, while at higher DI
pressure, the flame is faint and close to misfire. The reason for this has
been well explained in our previous study.”’

To further investigate the controlling mechanism for stable com-
bustion and misfire in the specific region, five different regions,
referred to as Region 1 to Region 5 as marked in Fig. 14, are selected
based on their different flame development patterns. Region 1 and
Region 2 feature large flame area and strong flame natural luminosity
intensity with stable combustion. Region 3 and Region 4 represent
regimes close to misfire, where sporadic flame kernels are generated
but cannot develop into propagating flames. Region 5 represents a
local environment that is in between misfire and stable combustion.

The local phi and local temperature are extracted from each pixel
of the five regions in Fig. 14, which are overlayed on the isopleths of
ignition delay times in a 2D space covering phi from 0.3 to 1.3 and
temperatures from 640 to 820K, as illustrated in Fig. 15. The ignition
delay times are obtained using CHEMKIN PRO, assuming an adia-
batic and homogeneous n-heptane/air mixture at a fixed pressure of
18 bar (taken from measured in-cylinder pressure at 12°CA ATDC).
Immediate seen from Fig. 15 is the scattering in local phi and local
temperature in all the regions, with a trade-off correlation observed
between the two parameters. This correlation is expected as the richer
region will experience more fuel evaporation effects, leading to lower
local temperatures. It is obvious from Fig. 15 that misfire under the
PPC mode is governed by the local phi and local temperature that
directly dictate the local autoignition reactivity. Specifically, the leanest
local mixtures in Region 1 and Region 2 are easy to autoignite (e.g.,
close to the purple box that marks the regime with the shortest ignition

delay), leading to the formation of initial flame kernels, as observed in
Fig. 14. These flame kernels are surrounded by richer mixtures (e.g.,
with local phi of 0.8-1.1, as can be seen from Fig. 15) that allow the
development of stably propagating flames. However, the local mixtures
in Region 3 and Region 4 are extremely lean (e.g., local phi < 0.4), with
relatively longer ignition delay. As such, flame kernels are less likely to
form within these two regions, or quickly quenched by the surround-
ing lean mixtures if formed, as indicated by the flame natural luminos-
ity images in Fig. 14. Therefore, these regions fall within the misfire
regime, as highlighted by the green box in Fig. 15. Region 5 almost
overlaps with the purple box, indicating that the local mixtures in
Region 5 are the most reactive to form initial flame kernels.
Nevertheless, the ensuing fate of the initial flame kernels in this region
can differ considerably, leading to either misfire or stable flame propa-
gation depending on the balance in local temperature and local phi.
The ignition delay map in Fig. 15 can be misleading if the chemi-
cal kinetic model used is inadequate to represent the autoignition reac-
tivity of the local mixtures at various thermodynamic conditions. In
this regard, the model is further validated against the local flame devel-
opment patterns that are recorded from the experiments. Given the
strong link between local autoignition reactivity and flame
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FIG. 15. The ignition delay distribution in different regions at 12 °CA ATDC.
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development characteristics, simulated ignition delay times are used
for comparisons. The simulations are conducted in the same way as
that used for Fig. 15. In addition, to generate a continuous response of
ignition delay time to local thermodynamic conditions, a BP neural
network is trained on the discrete simulated ignition delay times, fol-
lowing the procedure outlined in Sec. IIE. The BP neural network
maps the autoignition reactivity to the two critical parameters as con-
cluded in foregoing discussions, i.e., local temperature and local phi.
On the basis of this neural network, a spatially continuous surface of
ignition delay can be generated with infinite resolution, based on
which in-depth comparison with experiments can be established. The
comparisons between the ignition delay simulated using CHEMKIN-
PRO and that predicted from BP neural network are illustrated in
Fig. 16. The trained BP neural network replicates the original model
commendably, with an R value of 1.0, an MSE of 2 x 1074 and an
MRE of 0.31%.

The ignition delay contours in Region 1 and Region 3 at 12°CA
ATDC mapped by the BP neural network are shown in Fig. 17 along
with the respective flame natural luminosity images at a slightly later
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FIG. 17. Ignition delay distribution maps at 12 °CA ATDC predicted by the BP neural network in (a) Region 1 and (c) Region 3, along with the experimental images of flame nat-

ural luminosity intensity at 15.28 °CA ATDC in (b) Region 1 and (d) Region 3.
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timing (i.e., 15.28 °CA ATDC). First seen from Fig. 17 is the good cor-
respondence between the predicted ignition delay contours and the
experimental images. Specifically, in Region 1, most local mixtures
have high autoignition reactivity except those located around the top-
right corner. As a result, these mixtures quickly autoignite, forming
initial flame kernels that subsequently develop into propagating flames.
This is supported by the recorded flame intensity distribution, as
shown in Fig. 17(b), where the flame develops at the left and bottom
areas and propagates to the top-right area where autoignition reactivity
is low. On the other hand, as most of the local mixtures in Region 3
[Fig. 17(c)] is highly resistant to autoignition, although ignition kernels
can be generated, these ignition kernels are sparsely distributed, as
seen in Fig. 17(a), and are subsequently quenched by the unreactive
surrounding mixtures. Consequently, the mixture within this region
misfires, as corroborated by the experiments illustrated in Fig. 17(d).

It is clear from the foregoing discussions, particularly Figs. 15 and
17, that strong correspondences exist between flame development
characteristics and local autoignition reactivity. To further elucidate
the chemical kinetic cause for the different flame development patterns
observed in Fig. 14, heat rate of production for individual reaction is
analyzed at three representative conditions, namely phi=1.0 and
T =674 K, phi=0.58 and T =747 K, and phi=0.30 and 803. These
three conditions represent Region 1, Region 5, and Region 3, respec-
tively, which are extracted from the pixels in the flame luminosity
images, and are referred to as conditions 1, 2, and 3, respectively, in
the following. The analysis is performed at maximum preliminary heat
release rate before HTHR, which corresponds to 9.22, 2.58, and
6.00ms for conditions 1, 2, and 3, respectively, as illustrated in
Fig. 18(a). The results for the top ten exothermic reactions are summa-
rized in Fig. 18(b), along with the calculated heat release rate displayed
in Fig. 18(a).

It can be seen from Fig. 18(b) that preliminary heat release at all
conditions are dominated by CH,O chemistry, with HCO + O,
=CO+HO, being the top contributor and CH,O + OH=HCO
+H,0 being the second or third contributor (note that
HCO + O, =CO+ HO, is a reaction specific to CH,O, as the con-
sumption of CH,O via H-atom abstraction directly leads to the pro-
duction of HCO). The direct link between CH,O consumption and
preliminary heat release supports the experimental observations from

ARTICLE pubs.aip.org/aip/pof

Fig. 9, where CH,O is used as an indication to represent preliminary
heat release that is critical to initial flame kernel development. As can
be seen from Fig. 18, at condition 2, preliminary heat release is intense
and fuel autoignition reactivity is high, though the mixture is lean.
Therefore, the mixture in Region 1 supports both ignition kernel gen-
eration and subsequent flame development. As the condition shifts to
condition 1, although the heat release is considerably magnified due to
the increase in specific energy density (i.e., more fuel in the mixture at
condition 2), the lower local temperature at this condition prolongs
the ignition delay. During this delay period, the heat produced from an
adjacent ignition kernel can dissipate to the surrounding mixtures,
leading to either quenched ignition kernel or propagating flame
depending on the competition between local heat production and heat
loss. As such, Region 5 is a transition region between misfire and sus-
tainable flame propagation, as shown in Fig. 15. When the mixture
becomes even leaner at condition 3, the heat production rate dimin-
ishes considerably. Although there is an increase in temperature, the
mixture enters the negative temperature coefficient (NTC) region
where mixture autoignition reactivity decreases with increasing tem-
perature. As a combination of these effects, both ignition kernels and
flame propagation cannot be sustained, hence misfire in Region 3.

IV. CONCLUSIONS

This work investigates the preliminary heat release, autoignition,
and flame development characteristics at ultra-lean conditions in a
well-controlled optical engine under various combustion modes, via a
case study of n-heptane, to comprehend the underlying mechanisms
governing misfire at advanced engine conditions that are representa-
tive of low-load operations and lean blow-out limits. Comprehensive
analyses of experimental and modeling results indicate the following:

* Flame natural luminosity imaging results reveal the characteristi-
cally different flame development patterns under the PPC mode,
with the corresponding combustion behavior spanning from mis-
fire to stable combustion at overall phi from 0.12 to 0.24, respec-
tively. Further analyses coupling heat release calculation and
PLIF/OH" luminosity imaging highlight the strong connections
between preliminary heat release and CH,O production, as well
as between flame stability and OH production.
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e The features of flame development, including total flame area,
number of initial flame kernels and flame area per kernel at close
to misfire condition is further characterized through imaging
post-processing. Comparison across the HCCI, RCCI, and three
PPC modes indicate two distinctive regimes where the HCCI and
RCCI modes display multi-point autoignition and flame propaga-
tion dominated combustion, respectively, with the PPC modes
falling in between the two regimes, in which initial flame kernels
first form via localized autoignition events, then evolve into flame
propagation.

* The initial flame kernel generation and the subsequent flame
propagation are dictated by the spatial distribution of local phi
and local temperature in the mixture, which govern the local-
ized preliminary heat release behavior and autoignition
reactivity.

¢ The chemical kinetic model, in conjunction with the BP neural
network, well captures the different regions of flame develop-
ment, including the stable flame propagation region, the misfire
region, and the transition region, via ignition delay time maps
with respect to the local phi and local temperature.

¢ Further kinetic analysis and heat rate of production per reaction
analysis highlight the important chemical kinetics that govern the
initial flame development patterns, with reactions directly con-
suming CH,O (primarily via CH,O+ OH=HCO + H,0 and
HCO + O, =CO + HO,) as the top contributors to the prelimi-
nary heat release that greatly promotes the generation and
evolvement of initial flame kernels.

Comprehensive characterizations of preliminary heat release and
autoignition behaviors, and their roles in flame initiation and develop-
ment under various advanced engine operation conditions, including
HCCI, RCCI, and PPC modes, are achieved via experimental investi-
gations (e.g., flame luminosity, OH" luminosity, and CH20 PLIF
imaging), theoretical analyses (e.g., characterization of local equiva-
lence ratio, local temperature, initial flame kernel number, and flame
area), and ML-informed chemical kinetic analyses (e.g., autoignition
mapping via a BP neural network, chemical kinetic modeling with a
detailed chemistry model). The obtained data are expansive, which
greatly enriches the existing database. Furthermore, the findings herein
fill the gap in the community toward understanding, from fundamen-
tal perspectives, the flame initiation and development at ultra-lean
conditions in advanced combustion concepts, providing valuable
insights to guide future operations at low-load conditions and close to
lean blow-out limits.
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