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Optical diagnostics is an effective method to understand the physical and chemical reaction processes in homogeneous charge
compression ignition (HCCI) and low temperature combustion (LTC) modes. Based on optical diagnostics, the true process on
mixing, combustion, and emissions can be seen directly. In this paper, the mixing process by port-injection and direct-injection are
reviewed firstly.Then, the combustion chemical reactionmechanism is reviewed based on chemiluminescence, natural-luminosity,
and laser diagnostics. After, the evolution of pollutant emissions measured by different laser diagnostic methods is reviewed and
the measured species including NO, soot, UHC, and CO. Finally, a summary and the future directions on HCCI and LTC used
optical diagnostics are presented.

1. Introduction

Homogeneous charge compression ignition (HCCI), as a
new combustion mode in internal combustion engines, has
been widely studied in recent 20 years. At first, the HCCI
means a homogeneous charge formed by port-injection or
in-cylinder early-injection is autoignited as the temperature
and pressure are high enough in the cylinder. Noguchi
et al. [1] investigated the HCCI combustion process by a
spectroscopic system in 1979 and found that the combustion
chemical radicals were detected subsequently. For example,
CHO, HO

2
, and O radicals were first detected, followed by

CH, C
2
, and H radicals, and finally was the OH radical.

This combustion process was different to the conventional
gasoline engines where all radicals were observed nearly at
the same time. This study work confirms that the HCCI
should be initiated by the autoignition of premixed mixture
due to the compression. After that, with the development of
HCCI, more optical diagnostic technologies are applied to
study this new combustion process. Meanwhile, researchers
find that although HCCI can achieve low NOx and soot
emissions and high efficiency, the operation range is limited

and the control on autoignition timing is difficult compared
to conventional diesel and gasoline engines. Therefore, some
new strategies, such as active stratification on temperature
and charge, changes of fuel properties, and different injection
strategies, are used to solve the disadvantages of HCCI. More
new combustion models, such as premixed charge combus-
tion ignition (PCCI) and diesel low temperature combustion
(LTC), have been developed. In fact, all these new combustion
modes are dominated by the chemical reaction kinetics, and
the combustion emits low NOx and soot emissions, but high
UHC and CO emissions.

In previous HCCI and LTC review papers, such as
papers by Yao et al. [2], Dec [3], Musculus et al. [4], and
Komninos and Rakopoulos [5], they have introduced that
how to extend the HCCI and LTC operating range and to
control the autoignition timing. In this paper, we will focus
on the physical and chemical reaction processes in HCCI and
LTC by measurements of optical diagnostics, which will help
readers to understand the combustion processes in HCCI
and LTC and to use different optical techniques to study new
combustion models.
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Figure 2: Chemiluminescence images with different mixing process [8].

2. Optical Diagnostics for
In-Cylinder Mixture Formation

The mixture formation of fuel and air is physical process,
but it has large effect on combustion chemistry subsequently.
Therefore, the mixing process is reviewed firstly based on
both port-injection and in-cylinder direct-injection. Finally,
mixture formation combined by port and in-cylinder injec-
tion will also be reviewed.

2.1. Mixture Formation by Port Injection. Although the
fuel distribution in the HCCI engine is homogeneous in
macroscopically due to a quite long premixed time, the
inhomogeneity in fuel distribution and temperature is lying
in microscopically and thus may affect the autoignition and
subsequent combustion process. Richter et al. [6] investigated
the images of fuel/air mixture by using planar laser induced
fluorescence (PLIF) in a HCCI engine. Two different pre-
mixing procedures were used to obtain different degrees of
homogeneity of the fuel/air charge. One was a standard port
injection to form the premixed charge, and the other was

an additional preheated mixing tank of 20 liters to prepare a
more homogenous charge.ThePLIFmeasurement confirmed
that different fuel preparation strategies affected the fuel/air
homogeneity and the spatial variations of the combustion
process. In the further study [7], Richter et al. found that even
if the PLIF results presented a high degree of homogeneity,
they were still lying in local inhomogeneous fluctuations by
the measurements of Raman scattering which was caused by
cycle-to-cycle variations.

Kumano et al. [8] investigated the effects of charge
inhomogeneity on theHCCI combustion process.The chemi-
luminescence images were obtained by using a framing
camera on an optical engine and dimethyl ether (DME) was
used as a test fuel. The designed device was fixed into more
upstream of intake manifold to form more homogeneous
charge as shown in Figure 1, which was used to compare with
the inhomogeneous charge.The whole combustion processes
under homogeneous and inhomogeneous mixture have been
shown in Figure 2. It could be seen that the combustion
duration got longer at inhomogeneous mixture and thus
resulted in a moderate heat release and lower maximum
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pressure rise rate. However, the homogeneous charge formed
a very fast combustion process. Therefore, they concluded
that the HCCI needed a local moderate combustion but not
overall combustion in the cylinder.

2.2.Mixture Formation by In-Cylinder Injection. In fact,more
optical diagnostics for in-cylinder mixture formation is focus
on the direct injection. For extending the HCCI operating
range at high load and controlling the autoignition timing,
some researchers introduce stratification in the cylinder
but do not form quite homogeneous charge. In order to
distinguish the HCCI, some new terms, such as stratification
charge compression ignition (SCCI) [9–12] and premixed
charge compression ignition (PCCI) [13–18], are used. Mean-
time, in recent 10 years, high EGR dilution low temperature
combustion (LTC) [19–26] have been studied widely in diesel
engines due to the fact that it is more practical than HCCI.
All in all, all of these combustionmodes need direct-injection
and thus the mixture preparation is more complicated than
that of port-injection.

Musculus [19] investigated the in-cylinder spray and
mixing processes at LTC conditions and the oxygen concen-
tration was 12.7%. The optical engine operated at low load of
4-bar indicated mean effective pressure (IMEP). The start of
injection (SOI) was set to −22∘CA ATDC and both naturally
aspirated and low boost pressure at 1.34 bars were tested.
Mie scattering was used to present liquid-fuel penetration,
while fuel fluorescence was used to measure the vapor jet.
The results have been shown in Figure 3. It can be seen
that the maximum liquid-fuel penetration was between 45
and 50mm for the naturally aspirated condition and 40 and
45mm for the low-boost condition. However, the typical
liquid-fuel penetration was about 25mm at conventional
diesel conditions [27, 28]. In this work, the early-injection
conditions resulted in lower ambient gas density and temper-
ature than that of near top dead center (TDC) injection in
the conventional diesel combustion. The longer penetration
made the fuel impinge on the piston bowl and resulted in
wetting of the piston.

Kashdan et al. [29] investigated the in-cylinder mixture
distribution in an optically accessible direct-injection HCCI
engine. A high-pressure common-rail injection system sup-
plied 1100-bar injection pressure. The nozzle has 6 holes noz-
zle with a narrow angle (less than 70∘). Planar laser induced
exciplex fluorescence (PLIEF) imaging was used in this study,
which allowed qualitative visualization of the mixture (liquid
and vapor phase) distributionwithin the piston bowl through
the use of exciplex forming dopants. They found that as
the start of injection (SOI) was −40∘CA ATDC, liquid fuel
typically appears 2∘CA later. At−33∘CAATDC, the liquid fuel
impinges on the piston face whilst the corresponding vapor
phase images acquired at this crank angle degree. At −30∘CA
ATDC, a certain degree of fuel stratification and a fuel rich
region was seen in the center of the piston bowl due to fuel
impingement. Further, this stratification trendwas intensified
with the retard of injection timings.

Fang et al. [30–32] investigated the liquid spray evolution
process by Mie scattering and the combustion processes in
a high-speed direct inject (HSDI) diesel engine. Keeping the

IMEP constant, the injection timing was changed from −40∘
to −80∘CA ATDC for both conventional wide angle injector
and narrow angle injector to form the homogeneous charge.
At −40∘CA ATDC injection, the air density and temperature
were higher and liquid spray tip impinged on the bowl
wall and there was only a little fuel film on the bowl wall
and thus the poor fire area was quite small. However, at
−80∘CA ATDC injection, the liquid spray impinged on the
piston top and some fuel collided with the cylinder liner
and then flowed into the crankcase without combustion,
whichwould worse fuel economy and dilute oil. Although the
narrow angle injector could reduce the fuel deposited on the
liner, the narrow angle injector could also lead to fuel-wall
impingement on the bowl wall and subsequent pool fires.The
similar wall wetting was also observed by other study works,
such as Liu et al. [33] and Kiplimo et al. [34].

Steeper and de Zilwa [35] investigated two gasoline direct
injection (GDI) injectors on a HCCI engine at the stratified
low-load condition. One injector has 8 holes with 70∘ spray
angle and the other is a 53∘-degree swirl injector. The Mie
scattering and LIF were used to measure the spray devel-
opment and fuel distributions and the results showed that
probability density function (PDF) statistics of equivalence
ratio distribution were similar for two injectors, but the 8-
hole injector produced smaller and more numerous fuel
packers than that of swirl injector.

Liu et al. [36] investigated spray penetration under
different ambient temperatures (700–1000K) covering both
conventional diesel combustion and LTC conditions. Results
showed that the liquid penetration lengths were reduced
due to the heating caused by the downstream combustion
flames. Compared to higher ambient temperatures, the lower
ambient temperature had smaller effects on liquid penetra-
tion length, as shown in Figure 4. Furthermore, compared to
soybean biodiesel, n-butanol spray only had a little change on
liquid penetration length, which should be due to the longer
soot lift-off for n-butanol spray flames.

2.3. Mixture Formation Combined by Port and In-Cylinder
Injection. Recently, the dual-fuel injection combined by port
and in-cylinder has been studied widely to achieve high
efficiency and clean combustion [37–42]. By this dual-fuel
injection, the homogeneous mixture can be formed by port
injection using high volatility fuels, while the in-cylinder
injection is used to form different stratification in the cylin-
der by changing injection timings. In addition, in dual-
fuel injection system, two fuels with opposite autoignition
characteristics, such as one high octane number and the other
low octane number fuel, can form different fuel reactivity in
the cylinder, which can also control autoignition and extend
operating range of high efficiency and clean combustion.The
optical diagnostics onmixing formation in dual fuel injection
are limited and Figure 5 presents charge stratification and
reactivity stratification studied in [37].

From what has been discussed, it can be concluded that
the direct-injection strategy has more advantages than that of
port-injection for HCCI autoignition control and operating
range extending. However, as using early direct-injection
strategy, it helps to form a more uniform air-fuel mixture
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Figure 3: Liquid fuel (blue) and vapor fuel perimeter (green) for naturally aspirated (a) and low-boost (b) conditions (the dashed line is the
edge of piston bowl-rim) [19].

before ignition but fuel can impingement on the piston head
or the cylinder liner and results in wall-wetting and the
dilution of oil. Some optimized methods have been carried
out, such as using the narrow angle injector [30–32], 2-
stage or multistage injection [18, 43, 44], and super high
injection pressures [45, 46] and the reader can find detailed
improvement for mixing processes based on these references.

3. Optical Diagnostics for
Chemical Reaction Processes

3.1. Chemiluminescence Imaging/Natural-Luminosity and
Spectral Analysis. As stated in [47], chemiluminescence
often starts from low temperature combustion due to
relaxation of the excited combustion radicals to their ground
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Figure 4: Liquid penetration lengths at different ambient temperatures for n-butanol and soybean biodiesel [36].

states, which indicates the start of exothermic chemical
reaction and heat release. Generally speaking, natural flame
emission from conventional diesel combustion includes
two parts: chemiluminescence and soot luminosity. For
diesel combustion, chemiluminescence often comes from
the visible and near ultraviolet bands due to OH, CH, CH

2
O,

and C
2
radicals [48]. However, the chemiluminescence

signal is quite weak in diesel combustion and the ICCD
camera is needed to capture these nonluminous flames.
It should be noted that chemiluminescence exists on the
whole diesel combustion process, but it is overwhelmed by
strong radiation from luminous flame after soot is generated
in the flame. The soot luminosity in the GDI engine is
also very strong and thus the chemiluminescence from
interesting species produced in combustion processes will
be disturbed. The similar problem can also be found in the
spectral analysis. The spectral analysis has been used as an
in-cylinder diagnostics for many years [49]. However, due to
the strong black body radiation from soot particles, the signal
to noise ratio is usually too low for detecting the specific
species if the flame includes a large amount of soot particles.

Most researches involved with spectral analysis were applied
to the conventional gasoline engines or diesel engines with
low sooting fuels such as dimethyl ether (DME). But for
the new combustion models, such as HCCI, PCCI, and
LTC, they only emit very low soot emissions. Therefore, the
chemiluminescence images and spectral analysis are more
suitable to these new combustion modes. In this part, the
chemiluminescence imaging and spectral analysis will be
introduced in these new combustion modes. And the soot
luminosity optical diagnostics will be introduced in the next
section.

3.1.1. Chemiluminescence Analysis for HCCI. Hultqvist et
al. [50] investigated the HCCI combustion process using
chemiluminescence images and spectra fueling the blends of
n-heptane and isooctane. Cool flames were found at about
−20∘CA ATDC with a weak and homogeneous distribution
in the visible area, which was called as low temperature heat
release (LTHR). After cool flames, no luminosity could be
captured until the main heat release started. During high
temperature heat release (HTHR), the fuel/airmixture begins
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Figure 5: Comparison of ensemble-averaged and single shot PRF images at −5∘ ATDC [37].

to autoignition simultaneously at arbitrary points throughout
the visible area.The peak light intensity at HTHR is one order
of magnitude greater than that of LTHR. Kim et al. [51] inves-
tigated HCCI combustion with dimethyl ether in a single
cylinder engine using spectra analysis. Results showed that
the cool flames in LTHR was derived from HCHO according
to Emeléous’s bands while the CO-O recombination spectra
was themain emission duringHTHRand a strong correlation
was obtained between high temperature heat release and the
CO-O recombination spectra.

Augusta et al. [52] investigate the effects of different
engine operating parameters on the chemiluminescence
spectra in a HCCI engine and the changes of operating
parameters including the intake temperatures, fuel supply
methods, and engine loads. Results found that the changes
of engine operating parameters led to different autoignition
timings but these operating parameters did not affect the
reaction pathways of HCCI combustion once the combustion
started. Several distinct spectra peaks emitted by CHO,
HCHO, CH, and OH could be observed and all these spectra
were superimposed on the CO-O continuum. The similar
results have also been obtained in the study works of Liu et
al. [53] and Murase et al. [54].

Mancaruso and Vaglieco [55] investigated the autoigni-
tion and combustion processes of HCCI in a diesel engine
with high-pressure common-rail injection system. By using
common-rail injection system, the total fuel mass per cycle

was split into five injections. The chemiluminescence images
and spectra showed that the HCO and OH were homoge-
nously distributed in the visible area. Since a large amount
of OH radicals were captured in the visible area, it suggested
that OH radicals should be contributed to the soot reduction
in the cylinder. The OH radicle was a suitable tool to identify
the start of HTHR and phase the rate of heat release.

All in all, the HCCI combustion process can be described
as following. At LTHR, a homogeneous weak light can
be observed throughout the chamber, which is caused by
the HCHO chemiluminescence. At HTHR, more strong
luminosity derived mainly from CO-O continuum and OH
is a mark of the start of high temperature reaction. Between
LTHR and HTHR, no luminosity can be captured.

3.1.2. Chemiluminescence/Natural-Luminosity Analysis of
Stratified HCCI. Dec et al. [56, 57] investigated the HCCI
chemiluminescence imaging on a single-cylinder optical
engine by a high-speed intensified camera. Isooctane, as
a surrogate of gasoline, was used as the test fuel and the
start of injection was set to −320∘CA ATDC. High-speed
chemiluminescence images show that the HCCI combustion
has a progressive process from the hot region to cold region
even as the fuel and air are fully premixed before intake
occurs, as shown in Figure 6. This result demonstrated
that the HCCI combustion was not homogeneous and
they thought that the inhomogeneities should be derived
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Figure 6: High-speed movie sequence of HCCI (the interval between frames as displayed is 100 𝜇s (0.71 CAD), and exposure time is 49𝜇s
per frame) [56].

primarily from naturally thermal stratification caused by
heat transfer during compression and turbulent transport
in the cylinder. And these inhomogeneities could slow the
pressure rise rate (PRR) and thus hadmore advantages on the
high-load extending. It should be noted that this propagation
is derived from autoignition but does not take place through
flame propagation because the global propagation speed is
much higher than some very fast turbulent hydrocarbon
flames [58, 59]. Furthermore, the similar HCCI combustion
processes have also been found by Hultqvist et al. [60].
Therefore, the HCCI combustion process also includes the
temperature or thermal stratification caused by the heat
transfer in the cylinder. If we can strengthen the charge or
thermal stratification through some active methods, such as
different injection strategies, internal or external EGR, the

geometry of combustion chamber, and the modulated intake
temperatures, the HCCI operating range will be extended
further and the combustion phasing should be controlled.

Vressner et al. [61] investigated the effects of turbulence
on HCCI combustion and the turbulence was formed by two
different combustion chamber geometries: one disc shaped
and the other a square bowl in piston. The chemilumi-
nescence images demonstrated that the combustion began
in the square bowl and propagated to the squish volume.
The combustion process was more stratified in the square
bowl geometry because of temperature inhomogeneities.The
piston with a square bowl can form stronger turbulence
than that of disc shaped piston, and then the variation of
turbulence intensity will form the temperature stratification
in the cylinder. Therefore, 2-stage combustion including in
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and out the square bowl was observed and led to a lower PRR
compared to the disc shaped combustion chamber where
the turbulence and temperature were more homogeneous
and thus the autoignition occurred simultaneously in the
chamber.

Liu et al. [62, 63] formed different charge and tempera-
ture stratification on the HCCI combustion by modulating
injection timings, intake and coolant temperatures, and com-
bustion chamber geometries. Figure 7 showed the chemilu-
minescence images with different temperature stratifications.
The higher intake temperature of 125∘C and lower coolant
temperature of 55∘C formed larger temperature stratification
in the visible area and thus the combustion presented more
inhomogeneous than that of intake temperature of 95∘C and
coolant temperature of 85∘C where the in-cylinder had lower
temperature stratification. The larger temperature stratifica-
tion resulted in lower heat release rate and had the potential
to extend the operating range to higher loads. Figure 8 pre-
sented the HCCI combustion process with different combus-
tion chamber geometries. Various squish lip configurations
as shown in Figure 9 generated different turbulence motion
in the chamber and therefore the autoignition location for
V-type and H-type geometries was more dispersive and
near to the chamber wall, while the autoignition of A-type
geometry always started in the center of the chamber due to
the fact that high turbulence intensity in the bowl resulted
in larger heat loss through the chamber wall. Therefore, the
A-type geometry induced higher turbulent kinetic energy
and led to larger temperature inhomogeneities, which had

more advantages on reducing PRR and heat release rates.
This proves that the change of piston geometry can induce
different turbulence or temperature stratification, which will
affect theHCCI combustion processes although it is generally
thought that HCCI is controlled by chemical kinetics.

Aleiferis et al. [64] generated charge and thermal stratifi-
cation under HCCI conditions by different injection timings
and by both inlet air heating and residual gas trapping
(internal EGR). Combustion images showed that the larger
temperature inhomogeneities in the cylinder would lead to
slower autoignition front moving speed. These temperature
inhomogeneities were derived from the difference in injec-
tion timings without EGR conditions or from the mixing
between the fresh fuel/air and the trapped residual gases in
cases with IEGR.

Berntsson and Denbratt [65] investigated the effect of
charge stratification on combustion and emissions under
HCCI operating conditions. Port injection was used to
create a homogeneous charge in the cylinder, while a GDI
injector was used to form charge stratification. They com-
pared the early autoignition process on both homogeneous
and stratified conditions. From autoignition appearing to
reactions taking place throughout the combustion chamber,
the HCCI with homogeneous conditions would spend 4∘CA,
while the stratified condition spent 8∘CA. Furthermore, the
combustion images showed that the combustion duration
was enlarged because the local variation of equivalence ratio
can moderate the rate of heat release and thus can further
extend HCCI operating range.
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Figure 9: Various piston bowl geometries with the same compression ratio, squish distance, and visible area [63].

Kook and Bae [66] investigated the premixed charged
compression ignition (PCCI) combustion by two-stage injec-
tion strategy in a diesel engine. The first injection (10mm3)
was set to −200∘CA ATDC to generate homogeneous and
complete mixture between diesel and air. The second injec-
tion (1.5mm3) was set to −15∘CA ATDC as an ignition pro-
moter and to control the autoignition process. The injection
pressure was controlled at 120MPa. Meanwhile, the conven-
tional diesel combustion was also tested in comparison with
PCCI, of which total fuel (11.5mm3) was injected into the
cylinder at −15∘CAATDCdirectly.The luminous flame could

be observed due to the thermal radiation from soot as shown
in Figure 10. However, for the PCCI, the luminous flames
were quite weak and the distribution was also quite limited
and only located at heterogeneous combustion regions of
the second injection. Finally, the authors concluded that the
first injection timing needed to be advanced earlier than
−100∘CA ATDC for the homogeneous and nonluminous
flames (Figure 11).

Based on above reviews on charge or thermal stratifi-
cation through some active methods, it can be found that
the stratification can reduce maximum heat release rates and
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Figure 10: Direct-imaging of luminous DI-diesel combustion; single injection, injection timing = −15∘CA ATDC, injection quantity =
11.5mm3, injection pressure = 120MPa, and injection angle = 150∘ [66].
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Figure 11: Direct imaging of PCCI combustion with two-stage injection strategy; main injection timing = −200∘CA ATDC, main injection
quantity = 10mm3, second injection quantity = 1.5mm3, injection pressure = 120MPa, and injection angle = 150∘ [66].
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Figure 12: The imaging of conventional diesel and LTC [67].

pressure rise rates and thus may extend HCCI operating
range. The combination between port-injection and direct
injection or two-stage direct-injection in the cylinder is effec-
tive technological measures to achieve charge stratification.
However, for temperature or thermal stratification, the most
directmeasures are changing the intake and coolant tempera-
tures but this method is very hard to achieve in a real engine.
Accordingly, the internal EGR is a more reliable method to
form temperature inhomogeneity in the cylinder; however
the EGRwill affect theHCCI combustion by chemical action,
dilution, and temperatures.Therefore, it is very hard to clarify
that the temperature stratification caused by IEGR must be a
verymain reason on affectingHCCI combustion. In addition,
a specific piston geometry will also form different turbulence
intensity and thus generate the temperature inhomogeneity.
Anyway, the charge and thermal stratification are effective
methods to control the HCCI combustion.

3.1.3. Chemiluminescence/Natural-Luminosity Analysis of
LTC. Since the diesel fuel has low volatility, the port-
injection is not a practical way without significant change
of intake system, such as increasing intake temperature.
An early in-cylinder injection strategy, to some extent,
can result in a quite homogeneous charge before ignition.
However, due to lower charge density, in-cylinder pressure,
and temperature, the liquid fuel impingement on the liner
wall or piston wall is unavoidable, which leads to high HC
and CO emissions and oil dilution. In recent ten years,
high EGR dilution low-temperature combustion (LTC) has
gained tremendous attention [67–75]. For LTC, the start of
injection is near to top dead center; therefore the injection
timing can control the autoignition timing to some extent.
Furthermore, the later injection timing will not result in fuel
impinge into piston head or cylinder liner. However, the late
injection leads to the uncompleted mixing between diesel
fuel and air, and thus there is a locally rich region in the
mixture which is similar to diesel conventional combustion.
But the soot formation can still be suppressed due to the

quite low combustion temperature caused by large amounts
of EGR which can avoid the soot formation region. Akihama
et al. [20] firstly found that high EGR dilution can suppress
soot formation on an optical diesel engine in 2001. The
soot luminosity was increased firstly with the increase of
EGR rates, but with higher EGR rates, soot luminosity was
decreased and no luminosity was observed under quite
high EGR dilution. Simultaneously, NOx emissions can also
be near to zero due to high EGR dilution and subsequent
low combustion temperature. In addition, the injection
characteristic (including injection pressure, timing, and
multiple injections) influences the temperature during the
ignition delay period, the peak flame temperature reached,
and the premixing improvement. Finally, in order to keep the
power density and the combustion efficiency of the engine at
high EGR rates, high boost levels are required.Therefore, the
control and optimize of EGR rate, injection characteristic,
and high boost are the keystone of the LTC. Compared to
HCCI strategy, LTC has more benefits such as high efficiency
over broad load range, simple control of ignition timing,
reduced pressure-rise rates, high-load capability, and so
forth, besides low emissions of NOx and soot. This is the
reason why LTC is widely studied in recent years.

Upatnieks et al. [67, 71, 72] measured lame lift-off lengths
using in-cylinder images of natural luminosity. Results
showed that soot incandescence could not be observed even
for local fuel-rich mixture, while the similar stoichiometric
combustion must lead to soot incandescence without EGR
dilution, as shown in Figure 12. Meanwhile, a blue flame
could be seen for LTC condition, which was because of the
too low flame temperature. Furthermore, the flame lift-off
at LTC condition was larger than that of conventional diesel
combustion. After that, Musculus et al. also investigated the
LTC by different laser diagnostics and proposed the LTC
combustion concept in the review paper [4].

Liu et al. [68, 73, 74] investigated the natural lumi-
nosity under both conventional diesel combustion and low
temperature combustion by using different fuels such as
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Figure 13: Natural flame luminosity and soot distribution for soybean biodiesel at 1000K ambient temperature [68].

diesel, soybean biodiesel, n-butanol, ethanol, and the blended
fuels. They found that natural flame luminosities were
reduced with the decrease of ambient oxygen concentra-
tions and ambient temperatures. Furthermore, the flame
distribution or flame area was increased obviously at low
oxygen concentration of 10.5% and much flame could be
seen near chamber wall regions. However, the difference

between high and low ambient temperatures is that even
if the natural luminosity was decreased with the decline
of oxygen concentrations at 1000K ambient temperature,
soot emissions were increased as shown in Figure 13. But,
the natural luminosities and soot emissions were reduced
simultaneously at 800K ambient temperature as shown in
Figure 14. Further analysis conducted by Bi et al. [75] found
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Figure 14: Natural flame luminosity and soot distribution for soybean biodiesel at 800K ambient temperature [68].

that the changes of oxygen concentrations altered the soot
formation and oxidation rates and thus resulted in different
soot emissions.

Based on above reviews on natural luminosity of LTC,
it can be found that the combustion flame with larger
distributionwasmore near to cylinderwall, whichmeans that
the flame lift-off are larger than that of conventional diesel

combustion. With the decrease of oxygen concentrations
or with the increase of EGR rates, the natural luminosity
reducedmonotonously, but the soot emissions increase firstly
and then decrease after achieving the peak value.

3.2. Laser Diagnostic Imaging on Chemical Reaction Processes
of HCCI and LTC. Above reviews are aiming for themethods
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Figure 15: Single-shot images from onset of LTR combustion until
the end of the main combustion. Formaldehyde is shown in green
and OH is shown in red [76].

of chemiluminescence or natural luminosity. Even if the
direct images are easy to measure, some combustion inter-
mediate species cannot be measured effectively. By the laser
diagnostics, the specific species can be captured by adjusting
the laser wavelength. Therefore, the laser diagnostics on
HCCI and LTC combustion species will be reviewed in this
section.

Collin et al. [76] simultaneously measured OH and
formaldehyde LIF on anHCCI engine using two laser sources
at wavelength of 283 and 355 nm and two ICCD cameras
were used to collect LIF signals. The blend of isooctane
and n-heptane was used as tested fuel and was injected by
intake port and the compression ratio of the HCCI engine
was set to 12. The width of the laser sheet was 40mm,
which is nearly a half of the cylinder bore. Results showed
that formaldehyde could be captured at the start of the low
temperature reactions as shown in Figures 15 and 16. With
the progress of the combustion reaction, more formaldehyde
was detected in the cylinder and formaldehyde filled the
entire visible area after the low temperature reactions ended.
At the start of the high temperature reactions, some holes
in homogeneous formaldehyde signals could be captured,
which demonstrated that formaldehyde was consumed with
the progress of combustion processes. At about 6∘CA ATDC,
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Figure 16: Average rate of heat-release and average OH- and
HCHO-signals [76].

OH-LIF was captured firstly, and the OH-LIF could only be
observed in regions where formaldehyde was absent. Under a
relatively long period about 9-crank-angle degree, LIF signals
of OH and formaldehyde were captured simultaneously but
never in same regions for these two intermediate species.
The OH-LIF intensity was lagging the rate of heat release
(RoHR) by about 8 crank-angle degree, and the maximum
OH intensity was captured as the most of fuel was consumed
at about 15∘CA ATDC and thus close to in-cylinder peak
temperature. Therefore, the autoignition and combustion
processes of HCCI can be detected by visualizing the distri-
butions of formaldehyde andOH radicals. For formaldehyde,
its formation occurs through low temperature oxidation in an
early phase of the ignition process and then is consumed later
in the combustion process. Therefore, formaldehyde is an
indicator of the autoignition of low temperature heat release
in HCCI engine. Meanwhile, it is also a marker for regions
with low temperature reactions. For OH radical, it is formed
in flame regions with high temperature and there is a strong
relationship between maximum combustion temperatures
and maximum OH concentrations.

Särner et al. [77] simultaneously investigated images of
formaldehyde-LIF and fuel-tracer LIF in a direct-injection
HCCI engine. The blend of n-heptane and isooctane was
used as fuel and toluene was added as fluorescent tracer.
LIF of fuel-tracer was excited by a Nd:YAG laser with the
wavelength of 266 nm, and the fluorescence was captured
by an ICCD camera in the spectral region of 270–320 nm.
Formaldehyde-LIF was excited by the other Nd:YAG laser
with the wavelength of 355 nm, and the fluorescence was
captured by the other ICCD camera in the spectral region
of 395–500 nm. An early injection timing (−250∘CA ATDC)
was used to formhomogeneous charge and the distribution of
fuel-tracer and formaldehyde-LIF were quite homogeneous
before it was consumed at start of high temperature reaction
as shown in Figure 17. However, for a late timing (−35∘CA
ATDC), it formed stratified charge and the distribution
of fuel-tracer and formaldehyde-LIF were inhomogeneous
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Figure 17: Simultaneous images of formaldehyde and toluene at start of injection of −250∘CAATDC to ensure the fuel sufficient time to mix
with air forming a very homogeneous mixture before ignition [77].

in the visible area as shown in Figure 18. Images from
both early and late injection showed that both toluene and
formaldehyde LIF signals have very similar distribution.That
is to say, once fuels have higher boiling points and thus no
suitable tracer can be used to measure, the formaldehyde-LIF
is a good alternative method to fuel-tracer LIF.

Zhao et al. [78] investigated formaldehyde-LIF distri-
bution on the HCCI combustion process by fueling dif-
ferent primary reference fuels (PRFs). They found that the
formaldehyde formation was mainly affected by the charge
temperature, while the fuel concentration had less effect
on formaldehyde formation. Even if PRFs had different
isooctane ratio, all fuels had similar formaldehyde formation
timings to that of pure n-heptane, which meant that the
addition of isooctane did not influent the start of low
temperature reactions apparently.

Kashdan et al. [29] investigated the late-injection diesel
fuel HCCI combustion process at 45% EGR dilution. They
found that formaldehyde-LIF images could be captured ear-
lier than that of chemiluminescence in early stages of the cool
flame. Similar to the homogeneous conditions, formaldehyde
was consumed quickly at the start of the high temperature
reactions and took place by the presentence of OH-LIF
subsequently. Because of the late injection resulted in some
local high equivalence ratio regions, soot precursors were
also captured, demonstrated by the strong PAH fluorescence.

In his further study [79], they investigated the effects of
split injection and EGR rates on HCCI combustion. They
found that the start of formaldehyde-LIF signals was not
affected by EGR rates, but the high temperature heat release
was advanced with the decrease of EGR rates and ulti-
mately reduced the formaldehyde lifetime and consequently
increased the inhomogeneous state in the cylinder. As split
injection was used, formaldehyde-LIF showed locally rich
distribution like the reference of 73, which demonstrated that
the split injection resulted in larger charge stratification. Fur-
thermore, the lifetime of formaldehyde-LIF was prolonged
and the whole combustion duration was also prolonged.

Hildingsson et al. [80] investigated formaldehyde- and
OH-LIF on a light duty diesel engine with different injection
strategies of port-injection HCCI, direct-injection HCCI,
and UNIBUS. The formaldehyde formation always began at
about 20–25∘CA BTDC no matter what injection strategies
were used. But the intensity of formaldehyde-LIF was very
fast for port-injection HCCI compared to UNIBUS and
late-injection HCCI. This should be due to the fact that
port-injection can supply more homogeneous charge than
that of direct-injection HCCI and UNIBUS, and thus the
whole chemical reaction rates are higher. Formaldehyde-
LIF lifetime in the UNIBUS injection strategy was longer
than that of port- or direct-HCCI because formaldehyde was
formed from the dual injections of the fuel.



16 Journal of Chemistry

SOI = −35

CAD Formaldehyde Toluene Formaldehyde Toluene

−22

−17

−12

−7

+3

+8

+13

+18

+23

CAD

Figure 18: Simultaneous images of formaldehyde and toluene at start of injection of−35∘CAATDC to form a stratifiedmixture before ignition
[77].

Berntsson et al. [81, 82] investigated the effects of spark-
assisted stratified charge HCCI combustion processes. LIF
diagnostics on fuel-tracer, formaldehyde, and OH were
conducted on an optical single-cylinder direct-injection SI
engine with negative valve overlap (NVO) and low lift to
increase the thermal atmosphere to ensure the stable HCCI
combustion. They found that the charge inhomogeneity was
formed in the cylinder and the fuel injection timing and
spark-assisted ignition timings were the primary param-
eters to affect the HCCI combustion phasing. The high-
temperature reactions were influenced by injection tim-
ings and spark-assisted ignition timings, indicating different
amounts of OH-LIF signals. Based on NVO, spark-assisted
ignition, and charge stratification,HCCI combustion phasing
could be effectively controlled and the operating range could
be extended to lower and higher engine loads.

Musculus [19] investigated the OH-LIF and chemilumi-
nescence of low temperature combustion at the injection
timing of −22∘CA ATDC. He found that a distinct cool flame
could be captured and overlapped with the liquid fuel spray,
whichwould increase the rate of fuel vaporization. Compared
to conventional diesel combustion, the OH-LIF distributions
were different. For conventional diesel combustion, OH
radicles could only be captured at the periphery of the diesel
jet with a thin sheet structure. However, for LTC conditions,
OH radicles could be detected throughout the jet cross

section, which demonstrated that there was more complete
mixing between liquid jet and ambient air. Furthermore,
once autoignition occurred, OH radicle could be detected
with broadening distributions, which demonstrated that the
LTC process should be the volumetric autoignition and
combustion, rather than flame propagation in conventional
diesel combustion.

Above studies show that the formaldehyde and OH
are good markers of the HCCI combustion process at low
temperature and high temperature reactions, respectively.
Furthermore, the distribution of OH and formaldehyde is
never in the same regions even if both of them can be detected
simultaneously at a relatively long period. The timing of
formaldehyde formation is unaffected by the EGR level, but
the formaldehyde lifetime and the degree of homogeneity
and subsequent high temperature ignition are influenced by
EGR level. For a given EGR rate, a split injection strategy
results in the charge stratification and prolongs the HCHO
lifetime. Furthermore, the rising rate of formaldehyde-LIF
intensity is more quickly under homogeneous conditions
than that of stratified conditions. OH distributions in HCCI
and LTC combustion processes are more broad than that of
conventional gasoline spark-ignition or diesel compression-
ignition, which indicates that the whole combustion should
be more close to volumetric combustion rather than flame
propagation. Therefore, the LIF diagnostics are a quite
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effective method to reveal the HCCI and LTC combustion
process with high spatial distributions.

4. Optical Diagnostics for Emissions Evolution

Due to the very low emissions of NOx and soot for HCCI
combustion with port-injection or early-injection due to the
quite homogeneous charge, the researches on emissions are
very limited. But if the fuel stratification is introduced by late
direct-injection, the emissions of NOx and soot will increase.
So, the study on NOx and soot formation process is necessary
to reduce them in new combustion modes. In this section,
optical researches on these emissionsmainly focus on theNO
and soot.

4.1. NOx Optical Diagnostics on HCCI and LTC. The spec-
troscopic structure of the NO molecule permits a number of
excitation detection strategies and some of them have been
utilized in engines. However, all of these strategies are more
or less susceptible to the interference from oxygen [83], PAH,
and CO

2
[84]. Also, all techniques in varying degrees are the

absorption of laser and signal light mainly by hot CO
2
and

H
2
O [85]. Furthermore, the signal is dependent on pressure,

temperature, and burned gas composition. Advantages and
disadvantages of different excitation/detection strategies have
been discussed extensively in a series of publications [86–88].

NO-LIF images have been developed and applied over the
last decade in conventional CI or SI engines and GDI engines
by many researchers [88–91]. These researches developed
the theory of the NO formation. For example, Dec and
Canaan [88] investigated the NO-LIF in a conventional
diesel engine and found that NO was not produced by the
initial premixed combustion which was fuel-rich but began
around the jet periphery just after the diffusion flame formed.
Then, NO formation increased progressively and NO was
still confined to the jet periphery until the jet structure
started to disappear toward the end of heat releases. After
that, the LIF signals could also be captured until the end
of heat releases, which demonstrated that NO formation
continued in hot postcombustion gases. However, in new
clean combustion modes, NO emissions are very low due to
the quite low combustion temperature, which restricts NO
formation. Therefore, there is little research on the NO-LIF
in an HCCI combustion processes.

Zilwa and Steeper [92, 93] predicted the emissions of
CO
2
, CO, HC, and NOx from HCCI engines using LIF

fuel-distribution measurements. The method is based on the
simplifying premise that each individual fuel-air packet burnt
as if in a homogeneousmixture at the same equivalence ratio.
The relative success of the prediction method indicated a
strong correlation between in-cylinder charge distribution
and engine emissions. In particular it encouraged the for-
mulation of ideal fuel distributions to guide the development
of advanced charge-preparation strategies in HCCI and LTC
modes.

4.2. Soot Optical Diagnostics on HCCI and LTC. Due to the
sufficient premixed combustion, the soot emission in HCCI

Figure 19: OH (green, OH-PLIF) throughout jet cross section, with
soot (red, soot luminosity) only at head of jet [19].

can be negligible. But, once the charge stratification was
introduced in HCCI, the soot emission will not be neglected
in some operation conditions. In this section, the focuswill be
the soot formation in the new combustion mode, especially
for the PCCI and LTC.

Singh et al. [94] and Huestis et al. [95] investigated
the soot formation and oxidation processes by two-color
pyrometry in LTC conditions. Nitrogen gas was used to
achieve lower oxygen concentration and different injec-
tion strategies including early-injection, late-injection, and
double-injection were tested. They all found that the soot
thermometry and luminosity images of LTC were lower
than that of conventional high temperature combustion. Soot
temperatures measured by two-color pyrometry were near to
the adiabatic flame temperatures under LTC conditions. The
amount of peak soot volume of late- and double-injection
was about 1.5 times higher than that of early-injection. For
LTC conditions, there was enough time available for diesel
fuel to penetrate and mix with the ambient air, and thus
sooting combustion occurred mainly near the edge of the
bowl. However, soot was formed farther upstream in the fuel
jet under high temperature combustion conditions.

Musculus [19] investigated the soot luminosity and soot
laser-induced incandescence of low temperature combustion
at the injection timing of −22∘CA ATDC. He found that
the soot formation was only captured in regions without
OH radicles, and thus soot and OH should not lie in the
same regions. The soot-LII and OH-LIF in conventional
diesel combustion have shown that OH radicles could only
be captured at the periphery of the diesel jet or the soot
cloud with a thin sheet structure at the earlier combustion
stage [96, 97], as shown in Figure 19. After that, with the
progress of combustion, the OH-LIF could be captured with
broad distribution, but regions between soot and OH did not
overlap spatially [98]. That is to say, OH and soot generally
did not persist within the same regions. Both soot luminosity
and soot-LII images all showed that the soot is first observed
far downstream of the spray jet but located at the head
of the spray jet near the cylinder liner. As the spray jet
continued to penetrate and develop in the cylinder, the soot-
LII were mainly located at either “side” of the jet, which
was called “head vortex” for spray jet, as shown in Figure 19.
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Figure 20:OH (green,OH-PLIF) in thin envelope surrounding soot
(red, soot LII) throughout the jet cross section [27].

Indeed, even if soot-LII could be captured upstream spray,
which should be attributed to the impingement of sooting
jets, rather than formed by upstream spray jets. Therefore,
the soot formation regions and distributions are different
between LTC and conventional diesel combustionwhere soot
is formed farther upstream and throughout the jet cross
section [27, 99], as shown inFigure 20. Furthermore, sootwas
still formed in regions of head vortex for conventional diesel
combustion.Thus, it can be concluded that the upstream soot
formation has been eliminated for new LTCmodes compared
with conventional diesel combustion conditions. The same
upstream regions have been shown as the white dotted circle
in Figures 19 and 20. And, the soot formation reduction in the
regions of head vortex is still a large challenge even if aiming
to a relative longer premixed low temperature combustion
process.

Liu et al. [68, 73, 74] quantitatively investigated the
soot concentration by forward illumination light extinction
with a copper vapor laser under both conventional diesel
combustion and LTC conditions. Meanwhile, the soot mod-
els have been improved to understand the soot evolution
[75, 100]. They found that compared with 21% oxygen
concentration, both rates of soot formation and oxidation
were increased simultaneously at 18% oxygen; however the
higher soot formation rate resulted in the higher soot mass
in the combustion process. At 15% oxygen concentration,
both rates of soot formation and oxidation were reduced
simultaneously; however the soot mass in the combustion
process were increased further and the reason should be
caused by suppressed soot oxidation rates. With the further
decrease of oxygen concentrations, the soot formation was
suppressed dramatically and thus the soot emissions were
reduced. At 1000K, the soot mass was increased with the
decline of oxygen concentrations, which should be derived
from the increased regions of high equivalence ratios and the
increased acetylene and soot precursors formation at lower
ambient oxygen concentration. At 800K ambient tempera-
ture, however, the soot mass was decreased with the decline
of oxygen concentrations, which should be caused by reduced
regions of high equivalence ratios and by reduced acetylene
and soot precursors formation. The soot distributions have
been shown in Figures 13 and 14. Therefore, the authors

concluded that soot formation transition from 1000K to
800K should be the responsible factor for different soot
emissions, because of ambient oxygen dilution in conven-
tional and low-temperature flames. The similar studies about
ambient temperatures and oxygen concentrations have also
been conducted by Zhang et al. [101, 102] by two-color
pyrometry and soot luminosity.

These optical diagnostics have presented the distribution
and mass concentration for soot emissions in LTC modes.
Unlike the conventional diesel combustion which forms soot
just downstream of the liquid spray and throughout the jet
cross section, the soot formation in LTC is much farther
downstream of the liquid spray and only at the head of the jet,
in the head vortex or near the edge of the bowl. Furthermore,
even if the combustion temperature are not low as shown
in Figure 13, the soot distributions are still concentrated on
farther downstream of liquid spray and near the chamber
wall regions. Therefore, it can be concluded that soot specific
distributions are caused by quite low oxygen concentrations.

4.3. Unburned Hydrocarbons and CO Optical Diagnostics
on HCCI and LTC. Although HCCI and LTC can achieve
very low emissions of NOx and soot, they typically have
increased emissions unburned hydrocarbons (UHC) andCO.
Musculus et al. [4] investigated the overmixing and unburned
hydrocarbon emissions in LTC conditions on a heavy-duty
optical diesel engine. The equivalence ratio of mixtures
near the injector was measured under without combustion
conditions by planar laser-Rayleigh scattering in a constant
volume combustion chamber and by LIF of a fuel tracer in
an optical engine. The optical diagnostic images indicated
that the transient ramp-down of the injector produced a low-
momentum spray penetration at the end of injection and thus
formed fuel-lean mixture in the upstream region of the spray
jet. Furthermore, the fuel-lean mixture continued until the
late of that cycle. Therefore, the upstream fuel-lean mixture
likely became too lean to achieve complete combustion, thus
contributing to UHC emissions under LTC condition.

Ekoto et al. [103, 104] and Petersen et al. [105] investigated
the UHC and CO distribution on a light-duty diesel optical
engine under both early- and late-injection under LTC
conditions. The LIF measurements on equivalence ratios,
UHC and CO, all showed that most fuel accumulated on
inner bowl during high temperature heat release, but much
of them transported into the squish-volume with the motion
of reverse squish flows. Then, the lean mixtures combined
with high heat transfer losses to the wall suppressed the fuel
oxidation in squish regions.Therefore, themain distributions
on UHC and CO were captured in squish regions.

It should be noted that there are also a large amount of
UHC and CO emissions in HCCI combustion processes and
more studies focus on the formaldehyde-LIF measurements
and there is little studies on CO distributions in HCCI.
This should be due to the HCCI is controlled by chemical
kinetics and theUHCandCOevolution can be explainedwell
by chemical reaction mechanism. For LTC conditions, it is
not only controlled by chemical kinetics, but also controlled
by mixed process between diesel fuel and air. Under LTC
conditions, fuel-lean regions that formed during the period



Journal of Chemistry 19

of ignition delays are likely a significant source of UHC and
CO emissions for EGR-diluted LTC diesel engines.

5. Summary

Optical diagnostics is an effective method to understand the
chemical reaction processes in homogeneous charge com-
pression ignition and low temperature combustion modes.
Based on optical diagnostics, the true mixing, combustion,
and emissions can be seen directly. In this paper, the mixing
process by port-injection and direct-injection was reviewed
firstly. Then, the combustion chemical reaction mecha-
nism was reviewed based on chemiluminescence, direct-
luminosity, and laser diagnostics. Finally, the evolution of
pollutant emissions was reviewed including NOx, soot, UHC,
and CO.The main summaries are shown as follows.

5.1. Fuel-Air Mixing Process. It can be found that different
port-injection strategies also change the degree of homo-
geneous charge in the cylinder. Even if a high degree of
homogeneity can be seen in the cylinder, there is still lying
in local inhomogeneous fluctuations caused by cycle-to-cycle
variations. The direct-injection strategy has more advantages
than that of port-injection for HCCI autoignition control
and operating range extending. However, using early direct-
injection strategy, it helps to form a more uniform air-
fuel mixture before ignition but fuel can impinge on the
piston head or the cylinder liner and results in wall-wetting
and the dilution of oil, which restricts the application of
early-injection to some extent. By dual-fuel injection, the
stratification on charge and fuel reactivity can be achieved
flexibly even if it needs one more fuel tank.

5.2. Combustion Chemical Reaction Processes. It can be found
that the HCCI combustion process can be described as
follows. At low temperature heat release, a homogeneous
weak light can be observed throughout the chamber, which
is caused by the formaldehyde chemiluminescence. At high
temperature heat release, more strong luminosity derived
mainly from CO-O continuum and OH is a mark of the
start of high temperature reaction. Between LTHR and
HTHR, no luminosity can be captured. Both charge and
thermal stratifications can reduce maximum heat release
rates and pressure rise rates and thus may extend HCCI
operating range. Optical diagnostics shows that the combina-
tion between port-injection and direct injection or two-stage
direct-injection in the cylinder is effective technologicalmea-
sures to achieve charge stratification. Changes of the intake
and coolant temperatures can form temperature or thermal
stratification and affect the combustion chemiluminescence,
but this method is very hard to achieve in a real engine. A
specific piston geometry will also form different turbulence
intensity and thus generates the temperature inhomogeneity.
For low temperature combustion, the combustion flame with
larger distribution is located near to cylinder wall, which
means that the flame lift-off is larger than that of conventional
diesel combustion.

Although the chemiluminescence or natural-luminosity
images present a good time-resolved combustion process
in HCCI and LTC, they only provide the results of line-
of-sight and without presenting the spatial distributions.
Therefore, laser induced fluorescence is used to give spatial
distributions on combustion processes and results show that
the formaldehyde and OH are good markers of the HCCI
combustion process at low temperature and high temperature
reactions, respectively. Furthermore, the distribution of OH
and formaldehyde is never in the same regions even if both
of them can be detected simultaneously at a relatively long
period. The timing of formaldehyde formation is unaffected
by the EGR level, but the formaldehyde lifetime and the
degree of homogeneity, and subsequent high temperature
ignition are influenced by EGR level. For a given EGR rate,
a split injection strategy results in the charge stratification
and prolongs the HCHO lifetime. Furthermore, the rising
rate of formaldehyde-LIF intensity is more quickly under
homogeneous conditions than that of stratified conditions.
OH distributions in HCCI and LTC combustion processes
are more broad than that of conventional gasoline spark-
ignition or diesel compression-ignition, which indicates that
the whole combustion should be more close to volumetric
combustion rather than flame propagation.

5.3. Emission Evolution Processes. In HCCI and LTC, NO
emissions are very low due to the quite low combustion
temperature, which restricts NO formation. Therefore, there
is little research on the NO-LIF in an HCCI and LTC com-
bustion processes. There are little studies on soot evolution
in HCCI due to the nearly zero soot emissions. In LTC
conditions, the soot formation is much farther downstream
of the liquid spray and only at the head of the jet, in the head
vortex or near the edge of the bowl. Furthermore, even if the
combustion temperature is not low, the soot distributions are
still concentrated on farther downstream of liquid spray and
near the chamber wall regions.Therefore, it can be concluded
that soot specific distributions in LTC conditions are caused
by quite low oxygen concentrations. There are also a large
amount of UHC and CO emissions in HCCI combustion
processes and some studies focus on the formaldehyde-LIF
measurements to represent UHC distribution in the late
cycle. But there are little studies onCOdistributions inHCCI,
which should be due to the fact that HCCI is controlled by
chemical kinetics and the UHC and CO evolution can be
explained well by chemical reaction mechanism. For LTC
conditions, it is not only controlled by chemical kinetics but
also controlled by mixed process between diesel fuel and air.
Under LTC conditions, fuel-lean regions that formed during
the period of ignition delays are likely a significant source of
UHC and CO emissions for EGR-diluted LTC diesel engines.

5.4. FutureDirection. Based onpreviousworks reviews, it can
be found that there are some shortcomings in HCCI and LTC
chemical reaction processes with optical diagnostics.

Firstly, more intermediate species are needed to be mea-
sured. In current studies, the main measured intermediate
species include formaldehyde, OH, and CO. Meantime, the
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polycyclic aromatics hydrocarbons (PAHs) and H
2
O
2
have

been captured in the cylinder [19, 106] or has the potential
to distinguish PAHs of different rings [107] even if the study
works are limited. Obviously, more intermediate species are
detected and more detailed combustion reaction mechanism
will be revealed. Therefore, other intermediate species, such
as CH, NO, and PAHs with different rings, are needed to be
detected in future to further understand the HCCI and LTC.

Secondly, high-speed and simultaneous multi-species
measurements are needed to improve in future. In current
studies, high-speed measurements only focus on chemilumi-
nescence or natural luminosity, but these optical diagnostics
have low spatial resolution. However, as using laser diagnos-
tics, it has high spatial resolution but low time resolution.
Therefore, the combination between high time and spatial
resolution to detect the combustion process is the develop-
ment direction in future for HCCI and LTC. Meanwhile,
the optical diagnostics in HCCI and LTC need to capture
more species in the same engine cycle. For example, the
simultaneous measurements on formaldehyde, OH, PAHs,
and soot will give more detailed and complete mechanism on
combustion chemical reaction.

Thirdly, the combustion processes in HCCI and LTC
mode are primary controlled by chemical kinetics, and thus
a large amount of studies are aiming to propose different
chemical kinetic reaction mechanism. However, there is little
attention on effects of flow or turbulence on combustion
processes. ForHCCI, even if it is a homogeneous combustion,
there is still inhomogeneous charge in local area; therefore
how the turbulence affects the local combustion is still an
open question. The same question also lies in the LTC
conditions. Furthermore, the mixing process has larger effect
on LTC processes compared withHCCI conditions; therefore
some recent studies have published some works on effects
of turbulence on combustion and emissions by Wang et
al. [108] and Perini et al. [109]. Obviously, more detailed
measurements especially on local turbulence are necessary to
clarify the effect of turbulence.
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