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Abstract

Advanced compression-ignition (CI) engines can deliver both high efficiencies and very low NOX and
particulate (PM) emissions. Efficiencies are comparable to conventional diesel engines, but unlike conven-
tional diesel engines, the charge is highly dilute and premixed (or partially premixed) to achieve low emis-
sions. Dilution is accomplished by operating either lean or with large amounts of EGR. The development
of these advanced CI engines has evolved mainly along two lines. First, for fuels other than diesel, a com-
bustion process commonly known as homogeneous charge compression-ignition (HCCI) is generally used,
in which the charge is premixed before being compression ignited. Although termed ‘‘homogeneous,” there
are always some thermal or mixture inhomogeneities in real HCCI engines, and it is sometimes desirable to
introduce additional stratification. Second, for diesel fuel (which autoignites easily but has low volatility)
an alternative low-temperature combustion (LTC) approach is used, in which the autoignition is closely
coupled to the fuel-injection event to provide control over ignition timing. To obtain dilute LTC, this
approach relies on high levels of EGR, and injection timing is typically shifted 10–15� CA earlier or later
than for conventional diesel combustion so temperatures are lower, which delays ignition and provides
more time for premixing. Although these advanced CI combustion modes have important advantages,
there are difficulties to implementing them in practical engines. In this article, the principles of HCCI
and diesel LTC engines are reviewed along with the results of research on the in-cylinder processes. This
research has resulted in substantial progress toward overcoming the main challenges facing these engines,
including: improving low-load combustion efficiency, increasing the high-load limit, understanding fuel
effects, and maintaining low NOX and PM emissions over the operating range.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

With concerns about limited petroleum sup-
plies and global warming driving the demand for
fuel-efficient engines, interest in compression-igni-
tion (CI) engines is stronger than ever. CI engines
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are the most fuel-efficient engines ever developed
for transportation purposes, due largely to their
relatively high compression ratios and lack of
throttling losses. However, conventional CI diesel
engines have relatively high emissions of nitric
oxides (NOX) and particulate matter (PM).
Although these emissions have been significantly
reduced in recent years, further reductions are
required to meet the very stringent US-2010 regu-
lations [1] and beyond. At the same time, there is a
ute. Published by Elsevier Inc. All rights reserved.
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need for even higher efficiency, and the market
requires that this be done with minimal cost.

Meeting the current emission regulations for
diesel engines has required the development of a
thorough understanding of the in-cylinder pro-
cesses. To accomplish this, numerous investiga-
tions were conducted using advanced laser-
imaging diagnostics. These studies provided a
greatly improved understanding of diesel combus-
tion, which is summarized by the schematic in
Fig. 1 [2]. Guided by this understanding, diesel
emissions have been reduced substantially over
the past decade and a half with a minimal loss
in engine efficiency. However, Fig. 1 also shows
the factors that limit the reduction of emissions
with traditional diesel combustion. The fuel and
air first react in a fuel-rich mixture, leading to soot
formation, then this rich mixture burns out in a
high-temperature diffusion flame at the jet periph-
ery, leading to NOX formation [3]. Nevertheless,
advanced combustion systems with increased
injection pressure, EGR, improved piston-bowl
geometries, and improved in-cylinder flows have
resulted in substantial reductions in emissions,
and research efforts continue. Despite these
efforts, it appears unlikely that conventional jet-
mixing controlled diesel combustion can meet
future emission requirements without fairly
expensive aftertreatment systems.

To address the combined needs of further
emissions reduction, improved efficiency, and
cost, engine-combustion researchers and develop-
ment engineers are turning to alternative forms of
CI combustion. Various methods are being pur-
sued, but they all rely on the principle of dilute
premixed or partially premixed combustion to
reduce emissions. This approach is exemplified
by a technique commonly known as homogeneous
charge compression-ignition (HCCI) [4]. In
HCCI, the fuel and air are premixed and compres-
sion ignited; however, the mixture is made very
dilute either by being lean with fuel/air equiva-
lence ratios (/) typically less than 0.45, or through
Fig. 1. Conceptual schematic of conventional diesel
combustion, from [2].
the use of high levels of EGR for equivalence
ratios up to stoichiometric [4–7]. Although these
mixtures are typically too dilute to support
flame-type combustion, they react and burn volu-
metrically as they are compressed to autoignition
temperatures by the piston. Because of the high
dilution, combustion temperatures are low, result-
ing in low NOX emissions, and the charge is suffi-
ciently well-mixed to prevent soot formation.
Thermal efficiencies are typically comparable to
those of a diesel engine [4,6–9]. Because of these
advantages, substantial research and development
efforts on HCCI are underway using a variety of
fuels, including gasoline, diesel fuel, ethanol, nat-
ural gas, and others [4–12].

With diesel fuel, however, classic HCCI is not
readily implemented due to the fuel’s low volatil-
ity and the ease with which it autoignites (high
cetane number) [4,8,12–15]. Therefore, many die-
sel-engine manufacturers and researchers are pur-
suing alternative approaches to achieve HCCI-like
combustion, commonly referred to as diesel low-
temperature combustion (LTC). With diesel
LTC, various techniques are applied to obtain suf-
ficient premixing so that combustion temperature
and equivalence ratio combinations that lead to
soot and NOX formation are avoided. This is
most easily understood by the /-temperature dia-
gram in Fig. 2 [16–18]. The diagram shows con-
tour plots of the /-temperature combinations at
which soot and NOX formation occur. As can
be seen, the adiabatic flame temperature in air
for typical diesel conditions traverses both the
soot and NOX formation regions. In conventional
diesel combustion (Fig. 1), the fuel and air first
react in a rich mixture at about / = 4, and then
combustion goes to completion in a stoichiometric
(/ = 1) diffusion flame. Assuming that the com-
bustion is nearly adiabatic, Fig. 2 shows that these
combustion zones fall in the soot and NOX
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Fig. 2. Diagram showing the /-temperature ranges for
soot and NOX formation and the regions for conven-
tional diesel, SI, HCCI, and diesel LTC engines.
Adapted from [16–18].
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regions, respectively, leading to high levels of
emissions. As evident in Fig. 2, spark-ignition
(SI) combustion also produces considerable
engine-out NOX emissions, but they are readily
removed by modern three-way catalysts.1 How-
ever, SI engines have significantly lower thermal
efficiencies than CI engines due to their lower
compression ratios and throttling losses. Also
shown in Fig. 2 is the HCCI combustion region,
which falls outside the soot– and NOx–formation
regions. However, it is not necessary for combus-
tion to occur exclusively in the HCCI region to
avoid soot and NOX. LTC diesel takes advantage
of this by allowing combustion to occur anywhere
in the gray-shaded region, while trying to insure
that most of the fuel is mixed to / 6 1 (i.e. the
HCCI region) before the reactions are quenched
by the expansion, so that good combustion effi-
ciency is maintained. Thus, although diesel LTC
combustion is not fully premixed, it uses essen-
tially the same principles as HCCI to obtain low
emissions.

Current research and development efforts for
advanced CI engines are directed at overcoming
the difficulties of implementing HCCI and diesel
LTC in practical engines. This requires an
improved understanding of the in-cylinder pro-
cesses for these advanced combustion modes. This
article provides an overview of recent research in
this area in two parts. In the first part, the techni-
cal hurdles for HCCI and partially stratified
HCCI engines are discussed along with recent
research on the in-cylinder processes directed at
overcoming these hurdles. The second part dis-
cusses methods for obtaining acceptable diesel-
LTC operation and some results of recent investi-
gations of the in-cylinder processes using laser-
based imaging diagnostics.
10

20

30

40

50

60

70

80

90

100

F
u

el
 C

ar
b

o
n

 in
to

 E
m

is
si

o
n

s 
&

C
o

m
b

u
st

. E
ff

ic
ie

n
cy

 [
%

]

Com b. Eff.

CO2

CO

HC
2. HCCI combustion

In principle, HCCI is an ideal combustion pro-
cess for internal-combustion engines, since it can
deliver high thermal efficiencies, comparable with
those of conventional diesel engines, and extre-
mely low NOX and PM emissions [4]. However,
HCCI works well only over a relatively narrow
operating range, unless engine geometry or opera-
tional parameters are adjusted. More specifically,
there are four main technical hurdles that must
be resolved before HCCI can be applied to practi-
cal transportation engines:

(1) improved low-load combustion efficiency,
1 Unfortunately, these catalysts do not work on diesel
or stratified lean-burn SI engines due to excess air in the
exhaust.
(2) extension of the operating map to higher
loads,

(3) understanding fuel-composition effects on
operating limits and design criteria,

(4) control of combustion-phasing over the
load/speed range and through transients.

HCCI research and development efforts are
focused on overcoming these hurdles. The remain-
der of this section provides an overview of this
work as related to understanding the in-cylinder
processes. As such, it will focus mainly on the first
two hurdles, with some discussion of fuel effects.
Although combustion-phasing control is a critical
aspect of HCCI engine development, a discussion
is beyond the scope of this article. However, a few
comments will be made in the concluding
remarks.

2.1. Low-load combustion efficiency

For HCCI engines, the power output is con-
trolled by the fueling rate. Ideally, this is done
without throttling in order to maintain high ther-
mal efficiencies. Therefore, as the load is reduced,
either the mixture becomes leaner or the amount
of dilution with EGR must be increased. Figure
3 shows a plot of the emissions and combustion
efficiency for an HCCI engine as a function of /
for fully premixed operation with no EGR [19].
The emissions are given as the percentage of total
fuel carbon in each exhaust species, to remove
changes due solely to the amount of fuel supplied.
The engine speed was 1200 rpm, and the 50% burn
point (CA50) was held constant at top dead center
(TDC) since variations in combustion timing can
themselves affect emissions. As can be seen, for
moderate loads, / P 0.2, carbon monoxide (CO)
and hydrocarbon (HC) emissions are low and
combustion efficiency is high. However, as / is
reduced below 0.2, CO emissions rise dramati-
cally, and the combustion efficiency falls. HC
emissions also increase, but to a lesser extent.
0
0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32

Equivalence Ratio [φ]

Fig. 3. Combustion efficiency and emissions vs. / for wel
premixed iso-octane and air. 1200 rpm; Pin = 135 kPa
CR = 14. Adapted from [19].
l
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Fig. 5. Series of /-maps of the fuel distribution as SOI is
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corresponds to the knee in the NOX curve in Fig. 4.
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For a typical idle fueling rate of / = 0.12 (for
complete combustion) or lower, approximately
60% of the fuel carbon remains as CO in the
exhaust, HC emissions rise to 10% or more, and
combustion efficiencies fall to 62% or less. The
reason is that at these low loads, the mixtures
are so dilute that combustion temperatures are
too low (typically below 1500 K) for the bulk-
gas reactions (particularly the CO-to-CO2 reac-
tions) to go to completion before they are
quenched by the expansion stroke [20,21].

Although the high CO and HC emissions at
these low loads could potentially be controlled
with an oxidation catalyst, the low combustion
efficiency is a more serious problem. One solution
would be to throttle the engine and operate at a
higher /, but this would result in a loss of cycle
efficiency due to throttling losses. In contrast,
charge stratification offers the potential for over-
coming this problem without an efficiency penalty.
With this technique, the fuel is injected directly
into the cylinder sufficiently late so that it does
not mix completely with the air before combus-
tion. Thus, the mixture is locally richer, so it burns
hotter, significantly increasing combustion effi-
ciency [19,20,22,23]. Figure 4 presents a demon-
stration of this technique. Shown are plots of
the emissions and combustion efficiency for /
= 0.12 as the injection timing is swept from 20�
CA (crank angle) after TDC (aTDC) intake to
325� CA, which is well up the compression stroke.
As fuel-injection timing is delayed, the CO emis-
sions fall, slowly at first and then more rapidly
for start of injection (SOI) beyond 240� CA. The
corresponding sequence of quantitative ‘‘/-map”
images in Fig. 5 shows how the delayed injection
affects the fuel distribution, producing locally
higher equivalence ratios that burn hotter and
more completely. These images were obtained in
an optically accessible engine that closely matches
the geometry of the engine used for the data in
Figs. 3 and 4 [19]. A schematic of the engine show-
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Fig. 4. The effect of varying SOI on combustion
efficiency and emissions, using an 8-hole gasoline direct
injector with iso-octane fuel. 1200 rpm; / = 0.12;
CR = 14; Pin = 135 kPa; Pinj = 120 bar; intake temper-
atures were set so CA50 = TDC, from [19].
ing the laser-sheet and camera orientation is given
in Fig. 6.

At later SOIs, HC emissions fall as well.
Recent research has shown that this is due in large
part to fuel no longer having time to reach the top
ring-land and head-gasket crevices and the colder
region near the cylinder wall [24], although the
creation of regions with a higher local / that burn
more completely also contributes to this reduc-
tion. This finding is in agreement with earlier
work showing that the top ring-land crevice was
a major source of HC emission in HCCI engines
[25]. With the reduction in CO and HC, the com-
bustion efficiency rises substantially, producing a
higher gross indicated mean effective pressure
(IMEPg). However, if the SOI is delayed beyond
315� CA, NOX emissions begin to rise rapidly.
The images in Fig. 5 show that this coincides with
Fig. 6. Schematic of optically accessible HCCI engine.
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the stratification producing local regions with /
> 0.6, conditions for which computations indicate
that NOX production will become significant at
these operating conditions [19].2 Thus, the com-
bustion efficiency improvement that can be
achieved with fuel stratification is limited by
NOX production. Nevertheless, for the data pre-
sented in Fig. 4, stratification improved the com-
bustion efficiency from 62% for premixed fueling
to 91% for an SOI of 315� CA, while maintaining
near-zero NOX emissions. With a higher injection
pressure, a combustion efficiency of 92.5% was
obtained at the US-2010 NOX limit of 0.27 g/
kW h [19].

2.2. High-load limits

High-load HCCI is typically limited by an
excessive rate of pressure rise during combustion
and the resulting engine knock. This phenomenon
is illustrated in Fig. 7a, which shows a series of
cylinder-pressure curves for various fueling rates
in an HCCI engine, with CA50 held constant at
TDC [26]. At a fairly low load, corresponding to
/ = 0.18, the pressure-rise rate (PRR) associated
with combustion is very moderate. However, the
maximum PRR increases substantially as fueling
is progressively increased to / = 0.3. Eventually,
the PRR becomes so rapid that it excites an acous-
tic resonance causing the engine to knock. This
creates a distinct ripple on the pressure trace, as
evident in the / = 0.3 curve. Because knocking
can cause excessive noise and can lead to engine
damage, the maximum PRR must be kept to an
acceptable level.

The maximum allowable PRR depends on the
engine type and operating conditions such as
engine speed and boost pressure [27]. For the data
in Fig. 7a, a limit of 9 bar/� CA was subjectively
selected based on the perceived noise level. As
shown in Fig. 7b, this limit results in a maximum
allowable fueling rate of / = 0.27 for TDC com-
bustion phasing, in agreement with the magnitude
of the ripple on the pressure traces in Fig. 7a.

Although the PRR increases substantially with
increasing /, it does not increase nearly as rapidly
as it would if the charge were fully homogeneous.
In a real engine, however, it is not possible to pro-
duce a charge that is fully homogeneous in both
mixture and temperature, so a single-zone
CHEMKIN (Senkin application) computation
was used for the comparison in Fig. 7a. For the
homogeneous charge, the increase in PRR with
/ is much more rapid than observed experimen-
tally and knocking becomes unacceptable for /
> 0.18 (Fig. 7b).
2 The exact / at which NOX production becomes
significant will vary with engine operating parameters
and fuel type.
The reduced PRR of the real engine, and the
corresponding increase in allowable /, is due to
naturally occurring thermal stratification. As
shown in Ref. [26], this thermal stratification is
caused by wall heat transfer and turbulent mixing
during the compression stroke for a low-residual
engine such as the one used for the data in
Fig. 7. For engines with high levels of retained
residuals, incomplete mixing between the fresh
charge and hot residuals could also contribute to
the thermal stratification [28]. As a result of ther-
mal stratification, combustion does not occur
simultaneously in all parts of the chamber, as evi-
dent in the chemiluminescence images presented
in Fig. 8a. Rather, combustion occurs sequentially
beginning with the hottest zone, followed by the
next hottest, and so on. This sequential autoigni-
tion has been verified experimentally by high-
speed image sequences of both natural chemilumi-
nescence [26] and fuel distributions [29]. The
sequential autoignition slows the PRR consider-
ably, allowing the fueling to be increased from
/ = 0.18 to 0.27 for the TDC combustion-phasing
shown in Fig. 7b.

2.2.1. Understanding thermal stratification
Since heat transfer occurs at the walls, thermal

boundary layers are often considered to play a
major role in the thermal stratification in HCCI
engines. However, recent research based on
chemiluminescence imaging [26,30] and fuel-tracer
PLIF imaging [30] has shown that thermal strati-
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fication extends throughout the bulk gas. This is
indicated by the images in Fig. 8a, and it is even
more evident in the side-view chemiluminescence
image sequence in Fig. 8b [26]. These images were
acquired through one of the spacer-ring windows
at the top of the cylinder wall (see Fig. 6) with
CA50 = 368� CA. As evident in the 364� CA
image, hot ignition begins in localized regions in
the central part of the charge. From 364–368�
CA, the number of regions showing hot ignition
increases rapidly although inhomogeneities
remain (Fig. 8a). Up past the time of the peak
heat-release rate (368� CA), hot ignition and com-
bustion occur in the central part of the charge, i.e.
the bulk gases [26]. There is no indication of any
preferential boundary-layer combustion until
370� CA. Then, by 372� CA, the boundary layer
combustion along the firedeck and piston-top sur-
faces becomes even more distinct, while the chemi-
luminescence in the central region dies out.3 Since
the vast majority of combustion occurs in the cen-
tral part (in the vertical direction) of the charge up
past the time of the maximum PRR (367.75� CA),
it is mainly thermal stratification within the bulk
gases that controls the maximum PRR and engine
knock. The effect of thermal stratification between
3 At this operating condition the chemiluminescence
has been shown to track the heat-release rate well during
the main hot combustion period [26].
the bulk gases and the boundary layer has only a
secondary effect on reducing the maximum PRR.
A more complete discussion may be found in
Ref. [26].

Since the maximum PRR is controlled by the
amount of thermal stratification, researchers have
explored various methods of increasing the ther-
mal stratification with the goal of extending the
high-load limit of HCCI. However, the results dis-
cussed in the previous paragraph show that these
techniques must affect the temperature distribu-
tion in the bulk gases to be effective for reducing
the PRR. This may explain why techniques such
as reducing the wall temperature (by lower cool-
ant temperatures) [31,32] have met with only lim-
ited success. Other methods of increasing the
thermal stratification have also been attempted
such as, combining swirl with a square piston
bowl [33], and using different intake-air tempera-
tures in each intake port [34,35]. In addition,
incomplete mixing of fresh charge with hot
retained residuals has also been suggested as a
method of increasing the thermal stratification
[28,36]. These techniques have shown promise,
and research efforts continue, but significant
enhancement of the naturally occurring thermal
stratification remains a challenge.

2.2.2. Combustion-phasing retard
Despite this limited success at increasing the

thermal stratification, substantially higher fueling
rates than the / = 0.3 condition shown in Fig. 7
can be achieved without knock by retarding the
combustion-phasing. Up to certain limits, this
technique is very effective for slowing the maxi-
mum PRR [5,31,37], and it was used while obtain-
ing the images in Fig. 8, for which / = 0.38 and
CA50 = 368� CA. The effect of combustion-phas-
ing retard on the maximum PRR is more clearly
evident in the data from the all-metal (non-opti-
cal) engine presented in Fig. 9 [38]. In this figure,
the smooth curves are the experimental data (the
stair-step curves will be discussed below). As can
be seen, the rate of pressure rise is reduced sub-
stantially (from 14 bar/� CA to 4.7 bar/� CA) as
20
355 360 365 370 375 380 385 390 395 400

Crank Angle [° aTDC Intake]

Fig. 9. Combustion-phasing sweeps for the experiment
and model. Iso-octane, 1200 rpm, / = 0.38. Reproduced
from [38].
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CA50 is retarded from 365 to 371� CA. This
reduction in PRR would allow the fueling rate
to be increased without knock.

Analysis of the pressure curves in Fig. 9 shows
that the reduced PRR is related to an increase in
burn duration with combustion-phasing retard,
as shown by the top curve in Fig. 10 [38].4 Since
retarded combustion-phasing results in lower
combustion temperatures, it has been considered
that this would slow the kinetic rates of the com-
bustion reactions, thereby increasing the burn
duration. However, single-zone chemical-kinetic
modeling, which accounts for this effect, shows
only a modest increase in burn duration with tim-
ing retard, as shown by the bottom curve in
Fig. 10.

These findings suggest that the thermal stratifi-
cation, which is not captured in the single-zone
model, might play an important role. To investi-
gate this, a multi-zone chemical-kinetic model
was applied to account for the effects of having
different temperature regions within the charge
[38]. The model was configured with only five
zones to save computational time – four combust-
ing zones and one non-combusting zone that
accounts for boundary-layer and/or crevice
regions that do not burn completely. The four
active zones were of equal mass and equal thermal
width (TW). The total TW of the four zones at
bottom dead center (BDC) was then adjusted so
the average PRR matched that of the experiment
for a base condition, simulating the effect of natu-
ral thermal stratification. Then, using this fixed
TWbdc = 20 K, Tbdc was varied so that CA50
matched that of the experimental data for the four
combustion-phasings shown. The computed pres-
sure traces shown in Fig. 9 have a stair-step
4 The greater volume and greater volume-expansion
rate with combustion-phasing retard will contribute to
the reduced PRR independently of changes in the heat-
release rate [39], but to a lesser degree than changes in
burn duration [7].
appearance due to the limited number of zones,
but it can be seen that the changes in the overall
PRR with combustion-phasing closely match the
changes in the experimental curves. This is more
clearly evident in Fig. 10, which shows very simi-
lar changes in burn duration for the multi-zone
model (middle curve) and the experiment (top
curve).5 In addition, the required changes in Tbdc

match very closely to those required for the exper-
imental data, as shown in the legend.

The reason that thermal stratification increases
the reduction in PRR with combustion-phasing
retard is related to the volume-expansion. With
a thermally stratified charge, combustion occurs
first in the hottest zone. This combustion then fur-
ther compresses the remaining charge increasing
its temperature and pressure. After an induction
time, the next hottest zone autoignites, and the
process repeats, as evident in the pressure traces
for the multi-zone model in Fig. 9. When combus-
tion occurs after TDC, the expansion increases the
induction time, slowing the sequential autoigni-
tion of each successively cooler zone. With greater
combustion-phasing retard, the rate of expansion
due to piston motion increases, further delaying
the autoignition of successively cooler zones and
slowing the overall PRR. Thus, the main reason
combustion phasing retard reduces the PRR in
HCCI engines is that it amplifies the effect of the
thermal stratification. This is discussed in greater
detail in Refs. [38,40].

2.2.3. Phasing-retard limits
Although combustion-phasing retard is very

effective for slowing the PRR to allow higher
loads, the amount of allowable retard is limited
by poor cycle-to-cycle stability and eventually
misfire [31,41]. As the combustion-phasing is
retarded beyond about 370–375� CA (10–15�
aTDC) (depending on operating conditions), the
standard deviation of the autoignition timing as
measured by the 10% burn point (CA10) begins
to increase significantly. These variations are
thought to result from small variations in the
bulk-gas temperature produced by turbulence
effects on the convective heat transfer. With
retarded combustion-phasing, the more rapid pis-
ton expansion causes these small temperature
variations to have a larger effect on CA10. In turn,
these variations in CA10 affect the burn duration,
leading to partial misfire when the burn duration
becomes so long that expansion quenches the
combustion in the coldest zones [31,38]. The net
effect is increased variations in the IMEPg as well
5 The slightly greater change in burn duration for the
experiment is thought to result from an increase in
thermal stratification during the combustion event due
to on-going convective heat transfer, as discussed in
Refs. [31,38].
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as CA10, and eventually complete misfire as the
phasing becomes overly retarded.

As a result, the combustion-phasing must be
maintained between the knocking and stability/
misfire limits. This becomes increasing difficult
as the fueling is increased because the spread
between these limits narrows, and because it often
becomes more difficult to control the combustion-
phasing at high loads [31,37], as will be discussed
in the next sub-section. In addition, when fueling
is increased sufficiently, it is also possible to pro-
duce NOX emissions that exceed US-2010 limits.

For these reasons, practical HCCI engine oper-
ation is currently limited to about half of the load
that is typical for SI or diesel engine operation. As
a result, engine manufacturers are developing
strategies for hybrid-combustion systems in which
the engine operates in HCCI mode at low loads
and reverts to SI or diesel operation at high loads.
In automotive applications, most operation is at
half load or less, so significant fuel-economy ben-
efits are still realized. For diesel engines, part-load
HCCI or LTC could significantly reduce the
expense and/or service intervals of an aftertreat-
ment system. However, because it is advantageous
to extend HCCI operation over as much of the
driving cycle as possible, and because there are
clear advantages to a full-time HCCI engine,
extending the high-load limit of HCCI operation
is an area of active research.

2.3. Fuel effects

Although many fuels have been used in HCCI/
LTC engines, most research efforts for transporta-
tion engines have focused on gasoline or diesel
fuel. Gasoline and iso-octane (a good gasoline sur-
rogate [42,43]) are some of the most commonly
used fuels for HCCI research, including the data
presented above in Sections 2.1 and 2.2. Their rel-
atively high volatility is advantageous for mixture
formation, and there is a strong interest in using
gasoline-like fuels for HCCI due to their availabil-
ity and their application to HCCI/SI hybrid-com-
bustion systems. Under typical non-boosted
HCCI operating conditions, these fuels exhibit
only a single-stage autoignition, which requires a
relatively high autoignition temperature.6
6 Although all commercial gasolines require relatively
high temperatures for non-boosted conditions, differ-
ences in gasoline composition can affect autoignition and
performance in HCCI engines. Since standard octane
numbers do not adequately rank fuels for HCCI,
Kalghatgi and co-workers [44,45] have suggested the
use of an octane index, which is deduced from the RON
and MON with an empirical constant for engine
operating conditions. Another approach that has shown
potential is the development of an HCCI ignition index
based on the fuel composition [46].
In contrast, mixture formation is more difficult
with diesel fuel due to its low volatility, and diesel
fuel has a strong two-stage ignition process mak-
ing it difficult to prevent early autoignition when
it is premixed. As a result, diesel-fueled HCCI-like
combustion is typically accomplished in a different
manner, as discussed in Section 3. Although these
traditional fuels are more commonly used,
research has shown that there may be advantages
to operating with fuels that have ignition charac-
teristics which are intermediate between these
two [12,47–49]. In particular, fuels that exhibit
some two-stage autoignition, but less than that
of diesel fuel, appear to have significant advanta-
ges [7,49]. It is also advantageous if these fuels are
sufficiently volatile for well-controlled mixture
formation.

Figure 11 shows a comparison of the cylinder-
pressure and mass-averaged temperature for iso-
octane and PRF80 (a mixture of the gasoline pri-
mary reference fuels consisting of 80% iso-octane
and 20% n-heptane) [41]. As can be seen, PRF80
has low-temperature heat-release (LTHR) begin-
ning at about 340� CA, which increases its temper-
ature and pressure prior to the main hot ignition
at about 367� CA (two-stage ignition). In con-
trast, iso-octane shows no significant heat-release
until the hot ignition at about 367� CA (single-
stage ignition). Because of the LTHR, PRF80
requires a much lower intake temperature than
iso-octane for the same CA50, as reflected by the
lower temperature at the far left of the plot in
Fig. 11 (260� CA). This lower temperature is
advantageous because it means that the intake-
charge density is higher, so more charge mass is
inducted into the cylinder. Therefore, PRF80
gives a significantly higher power output for the
same charge-mass/fuel (C/F) ratio.

Another advantage of a fuel with some LTHR
is that it has a higher heat-release rate prior to the
main hot ignition. This can be seen by a compar-
ison of the temperature traces in Fig. 11 (see
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inset). For iso-octane, the temperature increases
only slightly for the 10� CA prior to hot ignition,
whereas for PRF80 there is a strong upward slope
to the temperature curve. This occurs because the
LTHR enhances the intermediate-temperature
chemistry leading up to hot ignition [50]. Having
a higher rate of temperature-rise prior to hot igni-
tion reduces the cycle-to-cycle variations in
autoignition phasing (CA10) associated with
small random charge-temperature variations [41].
Additionally, the LTHR tends to dampen out ran-
dom temperature variations because lower tem-
peratures lead to increased LTHR, which
increases the temperature prior to hot ignition,
and vice versa. These compensating changes in
LTHR reduce magnitude of the random tempera-
ture variations prior to hot ignition [41]. As a
result of the greater temperature-rise rate prior
to hot ignition, and the reduced magnitude of
cycle-to-cycle temperature fluctuations, PRF80
can tolerate a greater combustion-phasing retard
while maintaining an acceptable standard devia-
tion of the IMEPg, as shown in Fig. 12 and Ref.
[49].

With the combination of greater allowable tim-
ing retard and a greater inducted charge mass, sig-
nificantly higher loads have been achieved under
naturally aspirated conditions by using a fuel that
has some two-stage ignition [7]. Figure 13 shows
the highest loads (IMEPg) and thermal efficiencies
achieved in Ref. [7] for iso-octane, PRF80, and
PRF60 (60% iso-octane, 40% n-heptane).7 All
data are for a compression ratio (CR) of 14,
except the upper iso-octane dataset, which was
taken with CR = 18. As can be seen, a maximum
IMEPg of about 650 kPa was reached for PRF80
and PRF60, while for iso-octane, the load was
7 Intake-pressure boosting offers the potential for even
higher loads for both single- and two-stage fuels.
Research in this area has involved a variety of fuels,
with the highest loads obtained using natural gas
combined with a small amount of iso-octane [6,9].
limited to an IMEPg of 486 or 520 kPa for
CR = 14 or 18, respectively. The reduced thermal
efficiency with increasing load for PRF60 and
PRF80 is due to the increased combustion-phas-
ing retard required to maintain an acceptable
PRR. It is also noteworthy that increasing the
CR to 18 for iso-octane increased the thermal effi-
ciency and allowed a higher IMEPg compared to
CR = 14.

The mechanism limiting the maximum load
varies with fuel type, as noted in Fig. 13. For iso-
octane, the high-load limit results from the high
sensitivity of combustion-phasing to small changes
in the charge temperature. As a result, small
changes in the wall temperature can cause CA50
to advance to runaway knock or retard to misfire,
as occurs for the CR = 18 case [31]. In other cases,
this high sensitivity causes an inability to ade-
quately control combustion-phasing (i.e. wander-
ing CA50), as occurs for the CR = 14 case with a
PRR = 3 bar/� CA. Similar temperature sensitiv-
ity was noted by Olsson et al. [37] who demon-
strated that it is possible to operate at higher
loads if a fast closed-loop control system was
implemented to maintain combustion phasing.

PRF fuels with LTHR are less sensitive to
changes in temperature and are load-limited by
other factors. For PRF80, the load can be
increased until the combustion becomes suffi-
ciently hot to produce small amounts of NOX.
Although emissions are still well below the US-
2010 limits, very low concentrations of NOX (a
few ppm) transferred to the incoming charge
through the residuals or EGR enhance the autoig-
nition [7,51], rapidly advancing the combustion-
phasing to runaway knock [7]. A fast closed-loop
control system might also extend this limit
depending on the NOX-feedback timescales.
Finally, for PRF60 at the conditions studied, the
high load was limited by the available oxygen.
This is because the greater LTHR with PRF60
requires that substantial amounts of EGR be used
to retard the combustion-phasing to maintain an
acceptable PRR. Alternatively, a lower compres-



2736 J.E. Dec / Proceedings of the Combustion Institute 32 (2009) 2727–2742
sion ratio would reduce the required EGR and
likely allow a higher IMEPg, but at the expense
of a further reduction in the thermal efficiency.

Although PRF60 is the most reactive fuel used
in Ref. [7], with a computed cetane number of 30,
it has significantly less LTHR than typical diesel
fuels, which have cetane numbers ranging from
45 to 55. Because of this increased reactivity, pre-
venting the combustion-phasing from becoming
overly advanced with diesel fuel is challenging,
as discussed in the following section.
3. Diesel LTC combustion

Conventional CI diesel combustion gives high
fuel-efficiency, but further reductions in NOX and
soot emissions are required. Because of HCCI’s
potential to reduce these emissions while maintain-
ing high efficiency, there has been considerable
interest in applying HCCI or HCCI-like low-tem-
perature combustion to diesel engines. However,
achieving acceptable HCCI combustion with diesel
fuel is complicated by its low volatility and high
cetane number. Although in principle, other fuels
could be used, there are several reasons why die-
sel-fueled operation is desirable, such as offering
the ability to revert to more-conventional diesel
operation at high loads, as discussed in Ref. [4].

Initial attempts to obtain diesel-fueled HCCI
involved premixing using intake-port fuel-injec-
tion [8,13,14]. However, significant intake heating
(135–205 �C) was required to minimize the accu-
mulation of liquid fuel in the intake system and
to prevent soot and NOX formation as a result
of in-cylinder inhomogeneities. This heating, com-
bined with the high cetane number of diesel fuel,
required that the CR be reduced, typically to val-
ues in the range of 9–11 to prevent knocking. In
addition, combustion efficiency was poor due to
high levels of unburned HC. As a result of the
reduced CR and incomplete combustion, fuel con-
sumption increased significantly compared to con-
ventional diesel combustion, although NOX and
smoke levels were substantially reduced.

3.1. Very early direct-injection LTC

To overcome the vaporization and mixing
issues, later works investigated early direct injec-
tion (DI) fueling [4] as a way to obtain near-HCCI
combustion. By injecting part way up the
compression stoke, the higher in-cylinder temper-
atures and densities promote vaporization and
mixing. However, obtaining good mixing in the
reduced time available and preventing wall
wetting due to spray over-penetration can be chal-
lenging. Various fuel-injector types and tech-
niques have been investigated, and in general,
injectors producing a softer, more-disperse spray
have produced better results for early injection
schemes [15,47,52]. However, more-conventional
DI diesel injectors have the advantage of allowing
a switch to conventional diesel combustion at high
loads. They also allow dual-injection schemes [52–
54], in which part of the fuel is injected early and
part at a conventional diesel timing near TDC
(e.g., the Toyota ‘‘UNIBUS” system [52]). Unfor-
tunately, liquid-spray impingement on the cylin-
der liner often occurs when a conventional diesel
injector is used for very early injection. One inter-
esting approach for overcoming this problem is to
direct the fuel sprays more steeply downward
(narrow included angle) so they are still directed
at the piston bowl for early injection, as described
by Walter et al. [55]. An injection system combin-
ing a soft spray for early injection with a conven-
tional diesel injector for late injection has also
shown promise [56,57].

Even with the improved mixture formation of
these early-DI systems, the high cetane number
of diesel fuel can lead to early ignition and knock-
ing. Therefore, nearly all approaches use high lev-
els of cooled EGR to slow the autoignition
process [47,55,58]. Additionally, somewhat
reduced compression ratios of 14:1 or 15:1 are
often employed in the diesel-HCCI concepts
[55,59], and some approaches also use late intake
valve closing (IVC) to further reduce the effective
compression ratio [57,60,61]. Late IVC has the
advantage of allowing the effective compression
ratio be rapidly adjusted as part of the control sys-
tem, and a high expansion ratio is preserved for
good cycle efficiency. Even with these controls,
maintaining the desired combustion-phasing with
changes in speed and load remains a challenge
for these early injection techniques in which the
autoignition timing is only controlled by the
chemical kinetics. High HC emissions have also
been reported [59]. However, early-injection
approaches continue to be an area of research,
and they are sometimes considered as part of an
overall combustion strategy [57,59].

3.2. Near-TDC direct-injection LTC

A second approach to low-temperature diesel
combustion is to inject the fuel closer to TDC,
so that combustion is more closely coupled to
the injection event [18,59,62]. In this manner, the
combustion-phasing can be controlled somewhat
independently from the autoignition kinetics of
the fuel. Since injection occurs near TDC, high-
pressure injectors are required for rapid mixing,
and various techniques must be applied to extend
the ignition delay to allow more time for premix-
ing in order to obtain LTC and the associated low
emissions. One relatively common technique for
extending the ignition delay is to retard injection
so that the jet-mixing process occurs in the early
part of the expansion stoke, slowing the autoigni-
tion. This concept was first introduced under the



Fig. 14. NOX emissions as a function of SOI for diesel
LTC with various EGR levels (given as O2 concentra-
tion). The engine was skipfired, so true emissions are
four times the values shown. Adapted from [18].

Fig. 15. Smoke emissions as a function of EGR, plotted
in terms of A/F for a constant IMEP = 0.2 MPa. Two
different EGR temperatures are shown. Adapted from
[17].
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name of MK (modulated kinetics) combustion
[63]. It is also possible to extend the ignition delay
by injecting earlier than conventional diesel (20–
30� bTDC), but not so early that the autoignition
becomes decoupled from the injection event.
However, with this approach, it can be difficult
to prevent combustion from occurring before
TDC, which often increases noise and reduces
engine efficiency. In addition to late (or early)
injection timing, techniques such as high levels
of cooled EGR, reduced CR, and/or late IVC
are often applied to increase the ignition delay,
similar to the early-injection, chemical-kinetically
controlled approach discussed above.

Even with very rapid mixing and increased
ignition delay, it is difficult to produce a well-
mixed dilute charge at the time of autoignition,
and a significant fraction of the heat is released
in a mixing-controlled process [18]. Accordingly,
high levels of EGR are required to keep local
peak-combustion temperatures sufficiently low to
prevent NOX formation, in addition to their ben-
efit for increasing ignition delay.

This second diesel LTC approach has been
demonstrated both for injection timings earlier
and later than conventional diesel [17,62–64]. To
clarify the trade-offs between early and late injec-
tion, and the effects of EGR, Kook et al. [18]
recently conducted an investigation over a wide
range of EGR levels and injection timings. This
study used an automotive-sized single-cylinder
research diesel engine (0.42 l) at a 3 bar IMEP
operating condition. Figure 14 shows the NOX

emissions over this range of conditions. As can
be seen, for low levels of EGR (high O2 concentra-
tions), NOX is high unless injection timing is
retarded so that there is sufficient premixing for
a significant portion of the fuel to burn under
lower-temperature conditions.8 Temperatures are
8 For low EGR levels, there are no data earlier than
those shown in Fig. 14 because data were not acquired
for injection timings causing a fuel consumption penalty
of more than 10% [18].
also reduced because there has been some charge
expansion before combustion occurs, and there
is less time available before the NOX-producing
reactions are quenched by the expansion. (Note
that combustion occurs well after the SOIs
shown.) However, for zero or low levels of
EGR, NOX emissions are generally still too high
to meet the US-2010 standards even with retarded
injection timing. As EGR levels increase (reduced
O2 concentrations), NOX emissions fall substan-
tially, and the additional NOX reduction with
highly retarded injection becomes less. At the
highest EGR levels, combustion temperatures
are sufficiently low that NOX emissions remain
very low for all injection timings.

Understanding trends in soot emissions with
this second LTC approach is more complex
because they are the result of a competition
between soot formation and oxidation processes.
Increasing the amount of premixing by early or
late injection timing decreases the total soot lumi-
nosity, suggesting that soot formation is reduced
as might be expected [18,64]. EGR addition, how-
ever, first increases then decreases soot emissions
(smoke) as shown in Fig. 15 [17]. The substantial
increase in smoke as the air/fuel ratio (A/F) is
reduced from 40 to 23 (at constant IMEP =
0.2 MPa) is thought to be mainly the result of
reduced soot oxidation due to the lower oxygen
concentration and lower combustion tempera-
tures. EGR can also increase soot residence times
in the reacting fuel jet, causing increased soot for-
mation for moderate EGR levels [65]. In contrast,
reducing the A/F below 23 by adding more EGR
reduces the smoke (Fig. 15). This occurs because
combustion temperatures in fuel-rich regions are
reduced to the point that soot formation is
suppressed to a greater degree than soot oxidation
[17]. This is most easily understood by examination



Fig. 16. Sequence of simultaneous images of chemilu-
minescence and liquid fuel contours for LTC operation.
View is upward through the piston-crown window.
Adapted from [72].
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of Fig. 2. Soot formation in diesel engines typi-
cally occurs for 2 6 / 6 4. For zero EGR, com-
bustion temperatures are near the adiabatic
flame-temperature line shown, which is well into
the soot formation region. As EGR is added,
combustion temperatures are reduced, shifting
the rich-combustion conditions to the left, away
from the soot-formation region. With sufficient
EGR, smoke levels become very low, but there
is only a narrow operating window before fuel
consumption (BSFC) rises dramatically (Fig. 15).

As demonstrated by the above data, NOX and
soot can be substantially reduced with this near-
TDC injection LTC approach. Moreover, this
technique still provides good control of the com-
bustion phasing by adjusting the injection timing.
However, Refs. [17,18] report significantly
increased CO levels for their high EGR condi-
tions. Also, HC emissions are typically reported
to be much higher than those of conventional die-
sel combustion [59,66], but still less than those for
the very early injection diesel LTC discussed in
Section 3.1.

3.3. Imaging of near-TDC direct-injection LTC
combustion

As discussed above, obtaining low NOX and
PM emission with near-TDC injection LTC
requires high levels of dilution with EGR and
shifting the injection timing 10–15� CA earlier or
later than for conventional diesel combustion to
create a long ignition delay and significant pre-
mixing. To better understand how this type of
LTC occurs, advanced laser-sheet and natural-
luminosity imaging diagnostics have been applied
[64–71]. Imaging of LTC combustion has also
helped identify the sources of increased HC
[66,71] and CO emissions [71].

Figure 16 shows a series of simultaneous
images of natural chemiluminescence and liquid-
fuel contours for a low-load LTC condition
(IMEP = 4 bar) with an earlier-than-conventional
injection-timing of 338� CA (22� bTDC) and
12.7% O2 in a heavy-duty single-cylinder diesel
engine (2.34 l) [72]. Significant chemiluminescence
does not appear until about 7.5� after start of
injection (ASI) in the region 20–40 mm from the
injector. This compares with 4.5� ASI and 15–
25 mm for conventional diesel combustion [2].
The images also show that injection has ended,
and the liquid fuel has nearly all vaporized before
autoignition, as compared to conventional opera-
tion where injection continues well into the com-
bustion event [2]. Thus, these images verify that
for LTC combustion, the jet penetrates much far-
ther and mixes to substantially more dilute condi-
tions prior to autoignition.

The relatively weak initial chemiluminescence
beginning at 7.5� ASI is due to LTHR (first-
stage of ignition), and by 10� ASI it occurs
throughout the jet (Fig. 16). Between 10 and
12� ASI the chemiluminescence becomes much
brighter in the region near the piston-bowl wall
(note the gain numbers in the lower left of each
image). This timing coincides with the onset of
the main hot combustion. Note that the increase
in chemiluminescence intensity is due not only
to the higher heat-release rates associated with
the hot combustion, but also to a shift in the
source of the chemiluminescence from being
mainly formaldehyde emission during the LTHR
to arising mainly from the CO-continuum and
other radicals such as CH and HCO during
the hot combustion [50,73].

In agreement with this shift in the chemilumi-
nescence to the near-wall region, an OH-PLIF sig-
nal was detected in this same region beginning at
about 14� ASI [72]. A series of simultaneous OH-
PLIF and soot luminosity images acquired in the
same engine at a similar operating condition (all
parameters were the same except for a slightly
lower intake pressure, which reduced the TDC
density from 22.5 to 16 kg/m3) are shown in
Fig. 17 [64]. These images were acquired through
a window in the cylinder head, which provides a
close-up view of the downstream region of the fuel
jet. The piston bowl-rim has been cut out to allow
the jet to penetrate farther before reaching the
wall (dashed and solid white curved lines show
the edge of bowl and the cylinder wall, respec-
tively). These images show that the hot combus-



Fig. 17. Simultaneous OH (green) and soot luminosity
(red) images for a diesel LTC condition similar to
Fig. 15. Adapted from [64].

Fig. 18. Rayleigh-scatter /-map image of the diesel fuel
jet 5� CA after the end of injection for an LTC condition
similar to that of Figs. 15 and 16. Adapted from [66].

J.E. Dec / Proceedings of the Combustion Institute 32 (2009) 2727–2742 2739
tion, indicated by the presence of the OH, occurs
mainly in the downstream region of the jet. They
also show that the OH is broadly distributed
throughout the downstream region of the jet, as
opposed to forming only in a thin diffusion flame
around the jet periphery as in conventional diesel
combustion (see Fig. 1) [2]. This broad OH distri-
bution indicates that there are significant regions
of the jet that have mixed to stoichiometries near
/ = 1, rather than being very fuel-rich (/ = 2–4)
like a conventional fuel jet [2,74]. As a result, soot
is greatly reduced, but regions of soot luminosity
still occur along the wall near the head of the
jet, indicating the existence of some fuel-rich
regions.

The reduced NOX and soot emissions, and the
broad OH distribution, with LTC indicate that
significant premixing has occurred; however, the
overall size and shape of the jet are similar to
those of conventional diesel jets. This suggests
that the total air entrainment for a given jet pen-
etration has not changed significantly, so this can-
not be the source of the additional premixing. The
main difference in the formation of the LTC jet is
that fuel injection ends well before the start of
combustion (see Fig. 16 and also [64,72]). With
the end of injection, fuel is no longer delivered
to the upstream portion of the jet, so the mixture
becomes lean much more quickly than for a
steady jet, and the combustion occurs in this lea-
ner mixture. More details are given in Ref. [66].
Support for this finding is provided by measure-
ments of the / distribution within a diesel fuel
jet during the transient after the end of injection,
as shown in Fig. 18. This image was acquired
using quantitative Rayleigh-scatter imaging at 5�
after the end of injection, which is similar to the
timing of the first OH image in Fig. 17. It shows
substantial regions near / = 1 downstream of
�30 mm, the same region where the OH occurs.
Although this improved mixing in the down-
stream region is central to the benefits of LTC,
the image in Fig. 18 also shows that the increased
mixing associated with the end of injection causes
the upstream region near the injector to become
very lean. As discussed in Ref. [66], these overly
lean regions are unlikely to burn to completion,
and therefore, appear to be a major source for
the increased HC emissions with diesel LTC.
These high HC emissions combined with the high
CO emissions that are often encountered with
LTC (see Section 3.2) can lead to poor combus-
tion efficiency and increased BSFC [17,18]. To
better understand these issues, a recent imaging
study has investigated the sources of CO and
HC emissions in a light-duty diesel engine operat-
ing under near-TDC injection LTC conditions
[71]. This work provides significant insights into
the in-cylinder locations where CO and HC arise,
the causes of these emissions (both fuel-lean and
fuel-rich regions), and how these sources can be
affected by operating parameters such as injection
timing and increased load.

The results of these imaging studies and other
works have considerably advanced our under-
standing of diesel LTC. However, additional
research is required to obtain good combustion
efficiency while maintaining low NOX and soot
emissions over a wider operating range. This is
particularly important for extending LTC to
higher loads since increased fueling and intake
boost can reduce the ‘‘window” where both low
NOX and high combustion efficiency are obtained
(see Fig. 15), and elevated soot levels can extend
over this window [75,76].
4. Summary and concluding remarks

Advanced compression-ignition engines have
been demonstrated to deliver both high efficiencies
and very low NOX and PM emissions. Like con-
ventional CI diesel engines, relatively high com-
pression ratios and lack of throttling losses
provide high efficiencies. However, unlike conven-
tional diesel engines, they operate with highly
dilute, premixed or partially premixed combustion
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for low emissions. Charge dilution is accom-
plished either by making the mixture very lean
or through the use of high levels of EGR/
retained-residuals.

The development of these advanced CI engines
has evolved mainly along two lines. First, for fuels
other than diesel, a combustion process commonly
referred as HCCI is generally used, in which the
charge is premixed and then compression ignited.
Although the name HCCI indicates a ‘‘homoge-
neous” charge, there are always some thermal
inhomogeneities, and in many cases it is desirable
to introduce some degree of charge-mixture strat-
ification. With HCCI the fuel/charge distribution
are established prior to the final compression to
autoignition, which has the advantage of allowing
good control over the mixture distribution. HCCI
also allows for good air utilization (an advantage
for high-load operation), since fuel can be pre-
mixed with all the air if desired. With HCCI, the
autoignition and combustion-phasing are deter-
mined by the chemical kinetics of the prepared
mixture. Various techniques have been demon-
strated to provide control, such as EGR addition,
fast intake-temperature management [77], con-
trolled mixture stratification for two-stage fuels
[43,49], variable compression ratio [8] and variable
valve timing for residual recompression [28,36,
78,79], exhaust rebreathe [28,36,80], or late intake
valve closure [60,61].

For diesel fuel, a second approach is com-
monly used, in which the autoignition is closely
coupled to the fuel-injection event. To obtain
dilute partially premixed combustion, this
approach relies on high levels of EGR. Also, the
injection timing is shifted 10–15� CA earlier or
later than for conventional diesel combustion so
that charge-gas temperatures are reduced, delay-
ing ignition and provide more time for premixing.
This approach is referred to here as near-TDC
injection LTC although several other acronyms
have been used in the literature. This approach
provides direct control over the combustion phas-
ing through the injection timing, which helps pre-
vent the overly advanced combustion that can
occur with diesel-fueled HCCI. Drawbacks are
that fuel and air are not well mixed, so a signifi-
cant portion of the heat-release can occur as mix-
ing-controlled combustion and care must be taken
to maintain low NOX and PM.

Although the majority of HCCI and LTC
research has focused on using existing fuels, other
works have shown that fuels with ignition quali-
ties intermediate between gasoline and diesel have
potential advantages for extending the operating
range of these low-emissions, high-efficiency com-
bustion modes. Also, it should be noted that the
two modes are not exclusive to the respective fuel
types discussed here. For example, recent research
has shown a strong potential for using gasoline-
like fuels in a late-injection LTC mode, since their
resistance to autoignition provides additional time
for premixing [81,82].
5. Future research directions

Over the past decade, substantial progress has
been made in understanding the in-cylinder pro-
cesses in HCCI and diesel-LTC engines, and this
has greatly expanded our ability to operate in
these combustion modes. Challenges remain,
however, and research is needed in several areas.

For HCCI, some of the most important areas are:

� Further improvements in producing stratified
mixtures at low loads to obtain good combus-
tion efficiency with low NOX,
� Methods for enhancing autoignition at low

loads for HCCI/SI hybrid-combustion
systems,
� Methods for increasing thermal stratification

to extend the high-load limit,
� A better understanding of the effects of varia-

tions in the composition of gasoline,
� Additional investigations of the effects of

changing fuel composition beyond the range
of traditional fuels such as gasoline and diesel
fuel, and the potential for increasing the HCCI
operating range using these alternative fuel
mixtures, and
� Improvements in control systems such as those

mentioned above in Section 4.

For diesel LTC, an improved understanding is
needed in the following areas:

� The sources of CO and HC emissions for LTC
strategies with injection both earlier and later
than conventional diesel combustion,
� The sources of PM emissions that often occur

in the narrow operating window where both
low NOX and good combustion efficiency are
achieved,
� Mixture formation and air utilization for fuel-

injection strategies using multiple injections,
and
� Methods for extending LTC operation to

higher loads while maintaining good fuel-econ-
omy and low emissions.

In addition, both HCCI and diesel LTC would ben-
efit from:

� Improved jet-mixing models,
� A better understanding of the effects of intake-

pressure boost,
� Better predictive capability of in-cylinder flows

and turbulence and their effects on fuel/air/
EGR-residual mixing and thermal
stratification,
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� Improved chemical-kinetic models that more
accurately predict LTHR, pressure-boost
effects, and the behavior of realistic fuels,
� Low-temperature lightoff oxidation catalysts

for controlling HC and CO emissions at low
loads, and
� Less expensive pressure transducers or other

combustion/ignition sensors for closed-loop
feedback control.
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Trans. paper 2006-01-3385 115 (4), 2006.

[82] P.W. Bessonette, C.H. Schyler, K.P. Duffy, W.L.
Hardy, M.P. Liechty, SAE Trans. paper 2007-01-
0191 116 (3), 2007.

http://www1.eere.energy.gov/vehiclesandfuels/resources/proceedings/2004_deer_presentations.html
http://www1.eere.energy.gov/vehiclesandfuels/resources/proceedings/2004_deer_presentations.html

	Advanced compression-ignition engines-understanding the in-cylinder processes
	Introduction
	HCCI combustion
	Low-load combustion efficiency
	High-load limits
	Understanding thermal stratification
	Combustion-phasing retard
	Phasing-retard limits

	Fuel effects

	Diesel LTC combustion
	Very early direct-injection LTC
	Near-TDC direct-injection LTC
	Imaging of near-TDC direct-injection LTC combustion

	Summary and concluding remarks
	Future research directions
	Acknowledgments
	References


