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Analysis of Compression-induced Auto-ignition Combustion
Characteristics of HCCI and ATAC Using the Same Engine
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Controlled Auto-ignition (CAI) combustion processes can be broadly divided between a

CAI process that is applied to four—-cycle engines and a CAI process that is applied to two-cycle

engines. The former process is generally referred to as Homogeneous Charge Compression

Ignition (HCCI) combustion and the later process as Active Thermo-Atmosphere Combustion

(ATAC). The region of stable engine operation differs greatly between these two processes, and

it is thought that the elucidation of their differences and similarities could provide useful

information for expanding the operation region of HCCI combustion. In this research, the same

two-cycle engine was operated under both the ATAC and HCCI combustion processes to com-

pare their respective combustion characteristics. The results indicated that the ignition timing

was less likely to change in the ATAC process in relation to changes in the fuel octane number

than it was in the HCCI combustion process.
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Nomenclature

e . Effective compression ratio [ —]
) . Intake equivalence ratio [ —]
7S . Scavenging efficiency [—]

0 . Crank angle [deg.]

HRR . Heat release rate [J/deg.]

L . Corrected delivery ratio [—]

N . Engine speed [rpm]

P . In-cylinder pressure [MPa]
WOT : Wide open throttle

RH . Alkane fuels

R . Alkyl radical

ROO . Alkylperoxy radical

QOOH . Alkylhydroperoxide

OOQOOH : Peroxyalkylhydroperoxide

Sp . Instantaneous piston speed [m/sec]
Trcr : EGR gas temperature [K]

Tex : Exhaust gas temperature [K]
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Tsc  : Scavenging temperature [K]
Tsp : Spark plug washer temperature [K]
Tmax : Maximum in-cylinder gas temperature

(K]
1. Introduction

Homogeneous Charge Compression Ignition
(HCCI) engine (Thring, 1989 ; Christensen et al.,
1997 ; Lee et al., 2004) has attracted much interest
because it achieves clean combustion with an
ultra-low NOx level and no soot emission when
operated under a non-throttled, lean-burn condi-
tion at an optimized compression ratio.

Examples of gasoline-fueled HCCI engines in-
clude four-cycle, high-compression-ratio engines
that adopt a compression ignition combustion sys-
tem (Aoyama et al., 1996) and two-cycle engines
that operate under compression ignition com-
bustion at partial load. This type of combustion
process is called by different names such as Active
Thermo-Atmosphere Combustion (ATAC) or Ac-
tivated Radicals (AR) combustion (Onishi et al.,
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1979 ; Ishibashi and Asai, 1996 ; Kim and Moriyoshi,
2004) .
to provide compression ignition combustion up

It is distinctly characterized by the ability

to exceptionally high engine speeds. In this com-
bustion process, high-temperature residual gas
(internally recirculated exhaust gas, EGR) result-
ing from a gradual gas exchange is mixed with
new air to induce autoignition. Meanwhile, methods
of using internal EGR to induce and control igni-
tion have also attracted attention for application
to four-cycle HCCI engines (Willand et al., 1998 ;
Kaneko, 2001 ; Eng, 2002 ; Hiraya et al., 2002).
However, the similarities and differences between
the ATAC process of two-cycle engines and the
HCCI combustion process of four-cycle engines
are unclear in many respects, and it is desirable to
have a comprehensive understanding of the au-
toignited combustion characteristics of the ATAC
and HCCI processes.

In this study, the ATAC and HCCI combus-
tion processes were compared using the same
engine.

Specifically, a two-cycle engine was operated
under compression ignition combustion at partial
load, corresponding to the ATAC process. The
compression ratio and throttle valve opening of
the same engine were then increased to achieve a
combustion process equivalent to compression igni-
tion combustion in a four-cycle engine under
wide-open-throttle (WOT) operation. In this
process, two-stage ignition accompanied by the
cool-flame phenomenon characteristic of a four-
cycle HCCI engine was observed.

In addition, CHEMKIN software was used to
perform numerical calculations of elementary re-
actions to compare the ATAC and HCCI com-
bustion characteristics.

In a word, we gave it our general considera-
tion based on the results of analysis of numerical
values and experimentation.

2. Autoignition Process of
Hydrocarbon Fuels

Because both ATAC and HCCI combustion
processes are characterized as autoignited com-
bustion, the pre-flame reaction process leading to
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autoignition of the fuel is regarded as an impor-
tant factor. Therefore, a brief explanation is given
here of the autoignition process of hydrocarbon
fuels (Pilling et al., 1997 ; Warnatz et al., 2001 ;
1990).

Figure 1 shows the principal reaction paths of

Chevalier et al.,

hydrocarbons. The combustion reactions of hy-
drocarbons begin with an equilibrium reaction
that adds O2 to the alkyl radical R. This first
addition of O2 can be written as

R+02 & RO2 (1)

On the basis of this equilibrium reaction, low-tem-
perature and high-temperature oxidation reac-
tions can be distinguished as follows :

[R]>[RO2] : high-temperature oxidation reac-
tion
[R]<[RO2] : low-temperature oxidation reac-

tion

The resulting RO2 undergoes internal isomeriza-
tion of its ring structure by which internal H
atoms are abstracted to produce QOOH. Subse-
quent reactions are divided depending on the tem-
perature region. At low temperatures, a reaction
takes place in which O2 is again added to the
alkyl radical (denoted as (1) in Fig. 1). A sepa-
rate reaction takes place in which QOOH decom-
poses without O2 being added again (denoted as
(2) in Fig. 1). Reaction (1) in the low-tempera-
ture region is a chain branching step, and the
reaction is accelerated in this temperature region
(i.e., cool flame region). When the temperature
rises further, the reaction changes to reaction (2).
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Fig. 1 Main oxidation scheme for alkane fuels
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Because reaction (2) is a chain propagation step,
acceleration of the reaction ceases in the nega-
tive temperature coefficient (NTC) region. Sub-
sequently, the gradual reaction rate, compression
by piston motion and other factors cause the tem-
perature to rise to around 1100 K. At that tem-
perature level, reaction (3) occurs, producing a
large quantity of OH radicals (blue flame region)
and leading to autoignition. In relation to the
temperature rise, two-stage ignition occurs owing
to the progression from reaction (1) to reaction
(3), i.e., from a cool flame to NTC to autoigni-
tion.

With HCCI combustion, the premixed mixture
begins to be compressed from a point below the
cool flame temperature. Consequently, depending
on the fuel used, HCCI combustion follows a low
—-temperature oxidation process in which a cool
flame occurs, passes through the NTC region
owing to the resultant temperature rise, and then
proceeds to autoignition due to the occurrence of
reaction (3) in the vicinity of 1100 K.

The degree to which reactions (1) and (2) oc-
cur depends not only on the temperature, but also
differs greatly according to the molecular struc-
ture of the fuel. The reason is that the tendency
for internal isomerization to occur varies depend-
ing on the molecular structure. Consider, for ex-
ample, the difference between n-heptane and iso-
octane. Straight-chain n-heptane easily under-
goes internal isomerization of its six- or seven-
membered ring with low strain energy on account
of its molecular structure. Owing to reaction (1)
in Fig. 1, chain branching readily takes place. On
the other hand, in the case of iso-octane with its
side chains, internal isomerization of its five-mem-
bered ring with high strain energy is more apt to
occur compared with the six- or seven-membered
rings. Moreover, in the case that internal isomeri-
zation of the five-membered ring occurs, QOOH
tends to decompose (QOOH = Q-+HO2) rela-
tively stably to produce HO2, and chain branch-
ing is not apt to occur. Consequently, n-heptane
which passes through six- or seven-membered
ring structures with low strain energy and results
in chain branching is more likely to produce cool
flame reactions. These observations explain why
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heat release due to a cool flame is clearly detected
in HCCI combustion of n-heptane, but is nearly
indiscernible in the case of iso-octane.

3. Experimental Equipment
and Procedure

The test engine used in this study was a two-
cycle air-cooled single-cylinder engine having the
specifications shown in Table 1. The engine op-
erating conditions used in this work were broadly
divided as indicated below and will be referred to
in the following discussion as ATAC and HCCI,
respectively.

(1) ATAC : compression ignition combustion
at partial load in a two-cycle engine

(2) HCCI: compression ignition combustion
simulating HCCI combustion at WOT in a four-
cycle engine

The test engine was operated under the ATAC
process at partial load at an effective compression
ratio of 8.7:1 and under the HCCI process at
WOT and effective compression ratios of 8.7: 1
and 15:1. Cylinder pressure data, heat release
rate and radical light emission behavior were
recorded and analyzed under each set of operat-
ing conditions.

The configuration of the test equipment used
is outlined in Fig. 2, and the measurement posi-
tions are shown in Fig. 3. Light emission intensi-
ties of the radicals of interest were measured in
the following way. Flame light in the combustion
chamber was extracted by means of a quartz ob-
servation window installed in the top of the cy-

Table 1 Specifications of test engine

2-cycle Air Cooled SI Engine

scavenging Type Schn? le
Bore? Stroke 72760 mm
Displacement 244 cm?®
Effective Compression | 8.7: 1 (ATAC, HCCI)
Ratio 15: 1 (HCCI)
PRF
Test Fuels (RON 0, 30, 50,60, 80, 100)
Gasoline (91 RON)
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linder head and introduced into a polychromator
via an optical fiber cable having a core diame-
ter of 1 mm. The light was separated into wave-
lengths of 395.2 nm (corresponding to HCHO),
329.8 nm (HCO) and 306.4 nm (OH), and the light
emission intensity at each wavelength was mea-
sured with a photomultiplier (Shoji et al., 1992 ;
1993 ; Inoue et al., 2000 ; Suzuki et al., 2003). In
order to investigate the overheated state of the
engine and the operating conditions, measure-
ments were made of the spark plug washer tem-
perature (Tsp), scavenging temperature (Tsc) and
exhaust gas temperature (Tex: about 40mm down-
stream from the exhaust port).
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Fig. 2 Configuration of test equipment
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Fig. 3 Measurement positions and scavenging ports

4. Calculation Method

Numerical calculations of elementary reactions
were performed using CHEMKIN 3.7 (AURO-
RA Application) under dimensionless, adiabatic
conditions and by applying the same volumetric
change as that of the test engine. The following
two types of reaction mechanisms were used, all
of which were developed at the Lawrence Liv-
ermore National Laboratory (LLNL).

(1) n-heptane : 544 chemical species, 2446 ele-
mentary reactions (Curran et al., 1998a).

(2) primary reference fuels (PRF) : 1034 chem-
ical species, 4238 elementary reactions (Curran et
al., 2002 ; Curran et al., 1998b) (blended fuels of
n-heptane and iso-octane)

5. Results and Discussion

5.1 Radical light emission behavior and mole
fraction histories of chemical species
under ATAC and HCCI combustion

Autoignited combustion was induced in this
study at partial load under an effective compres-
sion ratio of €=8.7:1 and an engine speed of
approximately 2200 rpm. These conditions gave
rise to autoignited combustion corresponding to
ATAC at partial load in a two-cycle engine. As
one example of ATAC characteristics, Figure 4
shows the waveforms measured at an engine speed
of N=2500 rpm when n-heptane (0 RON) was
used as the test fuel.

The heat release rate (HRR) waveform for ATAC
combustion indicates that autoignition was reached
(region A in Fig. 4) without any discernable sign
of heat release attributable to the passage of a
cool flame (Kaneko, 2001 ; Eng, 2002) prior to
ignition. In general, increasing the throttle valve
opening or reducing the engine speed causes mis-
firing in the ATAC process, making stable engine
operation impossible. One reason for that in the
case of a larger throttle valve opening is attributed
to the resultant increase in scavenging efficiency
which reduces the quantity of high-temperature
combustion gas remaining in the cylinder. Reduc-
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ing the engine speed, on the other hand, lowers
the temperature of the residual gas, and the in-
teraction of the two factors reduces the tempera-
ture at the onset of compression, making it im-
possible to reach the temperature level needed to
induce autoignition. However, when a fuel with
a low octane number was used, it was observed
that a region existed under WOT and low speed
conditions where autoignited operation of the
engine was possible.

Figure 5 shows the waveforms measured at
WOT and N=1000 rpm. Heat release presumably
ascribable to the passage of a cool flame can be
observed in the HRR waveform (region B) prior
to ignition and a second heat release stage attri-
buted to the hot flame is subsequently seen. This
pattern indicates autoignited combustion corre-
sponding to HCCI combustion in a four-cycle
engine. Concurrent with the heat release attribut-
ed to the cool flame, the light emission intensity
waveform of HCHO shows signs of faint light
emission and degeneracy behavior (region C). It
has been reported that light emission from a cool
flame represents the luminescence of excited-state
formaldehyde (HCHO) (Gaydon, 1957). It is as-
sumed that this faint HCHO light emission signi-
fies such light emission from a cool flame. As
these results indicate, the reaction path can lead to
autoignition under conditions where a cool flame
is manifested even in a low temperature region at
the onset of compression. The combustion that
occurs in such cases is thought to be the same
as HCCI combustion in a four-cycle engine. In
other words, the difference between ATAC and
HCCI combustion is attributed to variation in the
low-temperature oxidation reaction (Pilling et
al., 1997 ; Warnatz et al., 2001 ;
1990) characteristics of a hydrocarbon fuel result-
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ing from changes in the cylinder temperature and
pressure and in their time histories. That varia-
tion corresponds to changes in the degree of in-
fluence of the passage of a cool flame and NTC.
It suggests that a good understanding of these
characteristics can be useful in suppressing or
promoting autoignition.

Figure 6 shows the results of calculations that
simulated the experimental ATAC characteristics
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in Fig. 4. It is presumed that a large quantity of
internal EGR gas is present in the ATAC process.
Accordingly, the calculations were performed un-
der the following hypotheses in order to take
account of internal EGR.

(1) The internal EGR gas has a balanced com-
position of N2, 02, CO2 and H2 in the case of
complete combustion of the fuel.

(2) The temperature of the internal EGR gas is
800 K.

Based on these hypotheses, the calculations
were performed at a scavenging efficiency of 7s=
0.43 (Internal EGR rate of In~-EGR=57%) and
under the assumption that residual gas, having the
composition and temperature noted above, was
perfectly mixed with the new intake air. In the
ATAC simulation results in Fig. 6, neither the
cylinder pressure waveform nor the HRR wave-
form shows any sign of a temperature rise attrib-
utable to a cool flame in region A’ prior to the
development of the hot flame.
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However, looking at the mole fraction histories
of the chemical species, weak peaks are observed
in the vicinity of 50 deg. BTDC (region D in Fig.
6). These peaks are believed to indicate the posi-
tion where reactions corresponding to the passage
of a cool flame occurred. Because their level is ex-
tremely low, however, the passage of a cool flame
is not discernable in the HRR waveform.

Figure 7 presents the results of calculations that
simulated the experimental HCCI characteristics
in Fig. 5. In this case, heat release attributable to
the passage of a cool flame can be observed. Con-
currently, sharp peaks also appear in the mole
fraction waveforms of the chemical species, and
a notable increase is seen in HCHO (line B’)
among the OH, HCHO and HCO radicals.

5.2 Influence of fuel octane number on igni-
tion timing in ATAC and HCCI com-
bustion

The results presented in the preceding subsec-

tion revealed a significant difference between ATAC
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and HCCI combustion in that a cool flame was
not manifested in the former process, whereas it
was in the latter process. That difference was at-
tributed to a difference in temperature at the onset
of compression, among other factors. As the next
step, the octane number of the fuel was varied and
an investigation was made of the resultant effect
on the autoignition tendency of the ATAC and

HCCI combustion processes.

The influence of the octane number (RON) on
the HRR waveforms is shown in Figs. 8 and 9 for
ATAC and HCCI combustion, respectively. All
of the waveforms are plotted in relation to a
constant scavenging temperature (Tsc). However,
when 80 RON fuel and gasoline were used, the
engine could not be operated under HCCI com-
bustion because of misfiring, so the corresponding
waveforms are for a higher scavenging tempera-
ture where ignition was possible. Because a large
quantity of internal EGR gas was present in the
case of ATAC, the waveforms are also indicated
for a constant exhaust temperature (Tex) in addi-
tion to Tsc. Moreover, the subsequent results for
HCCI combustion are all for an effective com-
pression ratio of e=15:1 in order to achieve com-
bustion more closely resembling the HCCI com-
bustion process in a four-cycle engine.

As seen in Fig. 8, varying the octane number of
the test fuel did not change the ignition timing
appreciably in the ATAC process (arrow E). In
contrast, the results for HCCI combustion in Fig.
9 indicate that varying the fuel octane number
reduced the amount of heat released by the pas-
sage of a cool flame (arrow F) and substantially
retarded the ignition timing (arrow G) compared
with that seen for ATAC.

In other words, the octane number of the fuel
had a marked effect on the ignition timing under
HCCI operation, whereas its effect was small
under ATAC operation.

As the reason for that difference, we can con-
sider the differences in the respective temperature
histories followed by the ATAC and HCCI com-
bustion processes. With HCCI combustion, in-
creasing the fuel octane number retarded igni-
tion, which presumably can be attributed to the
low-temperature reaction rate stemming from the
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molecular structure, or in other words, the in-
fluence of a cool flame. In ATAC, a cool flame
was not manifested even when a fuel with a low
octane number was used, which is why little cor-
relation is seen between the octane number and
the change in ignition timing.

The following reasons can be considered for
why a cool flame did not develop in ATAC.

(1) Because of the high engine speed in this
process, the piston moves faster and compression
by piston motion accounts for a larger proportion
of the temperature rise, with the result that the
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cool flame is reduced by a corresponding extent.

(2) Because of the large quantity of residual
gas, the oxygen concentration is low, making it
difficult for oxidation to take place.

(3) The cylinder pressure is low at the time the
combustion reactions pass through the cool-flame
temperature region.

(4) Because the temperature at the onset of
compression is raised by the residual gas, the com-
bustion reactions pass through the cool-flame tem-
perature region at a crank angle where the in-
stantaneous piston speed is higher. As shown in
Figure 10, the piston speed varies depending on
the crank angle in piston engines. Consequently,
as the temperature at the onset of compression rises,
cool-flame reactions occur at an earlier crank
angle, and the instantaneous piston speed at that
point increases (see point I in Fig. 10).

Next, we will discuss the respective calculated
results for ATAC and HCCI combustion. Figure
11 shows the measured HRR waveforms obtained
under ATAC operating conditions with the test
fuels of varying octane numbers, and Fig. 12 shows
the corresponding calculated results obtained for
HCCI operating conditions. As is evident in both
figures, the calculated results show nearly the same
tendencies as the experimental data. It is clear that
varying the fuel octane number had much less
effect on the ignition timing in the ATAC process
compared with HCCI combustion.

The fact that the ATAC process allows autoi-
gnition of fuels over a wide range of octane num-
bers also correlates with these results.
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6. Conclusions

In this study, a two-cycle engine was used to
compare the characteristics of Active Thermo-
Atmosphere Combustion (ATAC) under partial
load and Homogeneous Charge Compression Igni-
tion (HCCI) combustion under a WOT condi-
tion that simulated HCCI combustion in a four-
cycle engine. The results obtained have made the
following points clear.

(1) With n-heptane (0 RON) as the test fuel,
both the experimental and calculated heat release
rate (HRR) waveforms showed evidence of the
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passage of a cool flame under HCCI combustion
but not under ATAC.

(2) In HCCI combustion with n-heptane (0
RON), faint light emission and degeneracy be-
havior were observed for HCHO at the time of
heat release from a cool flame.

(3) In the ATAC process, the ignition timing
did not change much in relation to the octane
number of the fuel. In contrast, the use of a test
fuel with a higher octane number in the HCCI
combustion process reduced the heat release from
a cool flame and also retarded the ignition timing.

(4) Auto-ignited combustion was strongly in-
fluenced by the temperature and pressure paths
resulting from compression by piston motion and
by their time-related changes.
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