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ABSTRACT

The effect of thermal stratification on the ignition of a lean homogeneous n-heptane/air
mixture at constant volume and high pressure is investigated by direct numerical
simulations (DNS) with a new 58-species reduced Kkinetic mechanism. 2-D DNS are
performed in a fixed volume with a two-dimensional isotropic velocity spectrum and
temperature fluctuations superimposed on the initial scalar fields. The influence of
variations in the initial temperature field, imposed by changing the mean and variance of
temperature on multi-stage ignition of a lean n-heptane/air mixture is studied. In
general, the mean heat release rate increases more slowly with increasing thermal
stratification regardless of the mean initial temperature. Ignition delay decreases with
increasing thermal stratification for high mean initial temperature relative to the negative
temperature coefficient (NTC) regime. It is, however, retarded with increasing thermal
fluctuations for relatively low mean initial temperature resulting from a longer overall
ignition delay of the mixture. Displacement speed and Damkohler number analyses reveal
that the high degree of thermal stratification induces deflagration rather than
spontaneous ignition at the reaction fronts, and hence, the mean heat release rate is
smoother subsequent to thermal runaway occurring at the highest temperature regions in
the domain. These results suggest that the critical degree of thermal stratification for
smooth operation of homogeneous charge compression—-ignition (FHCCI) engines depends
on both the mean and fluctuations in initial temperature which should be considered in
controlling ignition timing and preventing an overly rapid increase in pressure in HCCI
combustion.

Key Words : DNS, m-heptane reduced mechanism, thermal stratification, auto-ignition

1. Introduction

Homogeneous charge compression-ignition
(HCCI) combustion prototype engines are being
developed as an alternative to conventional
gasoline  spark-ignition (SI) and diesel
compression  ignition (CI) engines. HCC
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I combustion under lean, dilute, high-pressure
and low-temperature conditions has the
potential to provide high diesel-like efficiency
with very low nitrogen oxides (NOy) and
particulate emissions. At these conditions HCCI
combustion is thought to occur primarily
through volumetric auto-ignition, largely in the
absence of flames, and hence is primarily
controlled by chemical kinetics of the fuel-air
mixture. Hence, one of the key issues in the
development of HCCI engines is how to
control the ignition timing and the rate of
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pressure rise or heat release rate under a wide
range of load conditions [1. 2]. In particular,
an excessive rate of pressure rise under
high-load condition can result in engine knock,
reducing the engine integrity and hence, must
be avoided through careful engine design and
operation.

Over the past decade, numerous
experimental and numerical studies on HCCI
combustion have been conducted. The influence
of thermal stratification and equivalence ratio
fluctuations on the characteristics of HCCI
combustion has been extensively investigated
by the engine research community [1-12]. In
these studies, thermal stratification was
proposed as a means to spread out the rate of
pressure rise under high-load conditions [1, 3,
4, 6-8]. In the presence of large temperature
fluctuations, auto-ignition first occurs in hotter
mixtures and then spreads to the remaining
charge sequentially, such that combustion does
not occur simultaneously throughout the engine
cylinder.

On the other hand, mixture inhomogeneity
was proposed to enhance and stabilize the
HCCI combustion under low-load conditions
[9-12]. Enhanced combustion could be achieved
for a low mean equivalence ratio if locally rich
pockets are present, which burn hotter and
provide heat and radicals to adjacent leaner

mixtures, and hence, significantly increase
combustion efficiency. In addition to the
mixture inhomogeneity, delayed-fuel injection
was also considered to further increase

temperature and composition stratification from
the mixing process [91. Recently,
spark-assisted HCCI combustion [13, 14] was
also proposed to improve combustion efficiency
in low-load engine operation and to control
ignition timing. In  spark-assisted HCCI
combustion, a spark-ignited flame ultimately
leads to compression heating and subsequent
auto-ignition of the leaner mixtures, and hence
both flame and auto-ignition can coexist
during the engine operation.

Ignition characteristics of HCCI combustion
were also elucidated by direct numerical
simulations (DNS) with detailed chemical
kinetics. Two-dimensional DNS of ignition of
lean hydrogen/air mixtures with temperature
inhomogeneities [15-17] revealed that, for

large temperature fluctuations,
deflagrations occur rather than volumetric
auto—ignition, and consequently, the rate of
heat release is spread out as the deflagrations
propagate through the mixture. The transition
between the normal deflagration regime and
the subsonic  spontaneous ignition front
propagation regime was identified originally by
Zel'dovich  [18], although one significant
difference between his original theory and the
DNS findings is that it is the instantaneous,
rather than initial thermal gradient, that is the
relevant criteria in distinguishing between
combustion regimes.

In addition, the effect of flow strain on the
transient auto-ignition of mixtures has been
studied in various configurations. Liu et al
[19, 20] investigated the auto-ignition of
diluted mheptane jet flowing against heated
air at high pressures in a one-dimensional
counterflow configuration with steady and
unsteady impulsive strain rate. More recently,
Bansal et al. [21] studied the response of
auto-ignition of one-dimensional nonpremixed
m-heptane/air counterflow subjected to
harmonic flow oscillations. From
two-dimensional DNS, Im et al. [22] studied
the ignition of a hydrogen/air scalar mixing
layer in a homogeneous turbulence, and
Echekki and Chen [23] investigated
auto-ignition of non-homogeneous hydrogen/air
mixtures prescribed by a scalar spectrum in
homogeneous turbulence. These studies show
that strong turbulence leads to intense mixing
rates or high strain rate inhibits ignition by
dissipating heat and intermediate species from
ignition kernels.

Experimental studies, however, can still
provide limited information including overall
pressure rise, concentrations of NOy, CO, and

sufficiently

unburnt hydrocarbon emissions, and 2-D
line-of-sight chemiluminescence or planar
images of select species. Detailed

characterization of chemical reactions occurring
inside an engine chamber is still elusive.

Similarly, previous multi-dimensional DNS
were performed only with the simplest
chemistry, hydrogen-air, owing to the

prohibitive computational cost. As such, the
results of the DNS were not directly applicable
to the design and operation of practical



Table 1 Numerical and physical parameters of the DNS for different mean and RMS of
initial temperature

Case ., K 7K L (mm ' (m/fs) 7 (ms) 7 (ms) L (mm) N

1 850 75 1.24 05 2.49 2.49 3.2 640

2 850 15 1.24 05 2.49 2.49 3.2 640

3 850 30 1.24 05 2.49 2.49 3.2 640

4 850 60 1.24 05 2.49 2.49 3.2 1280

5 850 100 1.24 05 2.49 2.49 3.2 1280

6 934 15 1.24 05 2.49 2.49 32 640

7 934 30 1.24 05 2.49 2.49 3.2 640

8 934 60 1.24 05 2.49 2.49 3.2 640

9 934 100 1.24 05 2.49 2.49 3.2 1280

10 1008 15 1.24 05 2.49 2.49 3.2 640

11 1008 30 1.24 05 2.49 2.49 3.2 640

12 1008 60 1.24 05 2.49 2.49 3.2 1280
hydrocarbon-fueled engines, although A fourth-order explicit Runge-Kutta method
fundamentals of hydrogen/air ignition at by Kennedy and Carpenter [30] was used for
constant volume under HCCI conditions were time integration. The solution was spatially
elucidated. discretized wusing an eighth-order central
Therefore, the objective of the present differencing scheme. A tenth-order filter was
study is two-fold: (i) to understand the employed to remove any spurious
ignition characteristics of practical high—frequency fluctuations in the solution [31].
hydrocarbon/air mixtures under HCCI CHEMKIN and TRANSPORT software
conditions, and (ii) to provide strategies to libraries [31, 32] were linked with S3D to
control the rate of heat release in HCCI evaluate reaction rates and thermodynamic and
combustion by performing two-dimensional mixture-averaged transport properties. Periodic

parametric DNS, systematically varying the
initial mean and variance of the temperature.
In this study mheptane is adopted as a
surrogate fuel for large hydrocarbon fuels
which generally exhibit two-stage ignition
under HCCI conditions. Note that n-heptane
has been widely used as a primary reference
fuel (PRF) to investigate the characteristics of
HCCI combustion in many previous studies
[24-28].

2. Numerical methods and initial
conditions

The compressible Navier-Stokes, species
continuity, and total energy equations were
solved using the Sandia DNS code, S3D [29}.

boundary conditions were imposed in all
directions such that ignition of a n-heptane/air
mixture occurs at constant volume.

The initial uniform equivalence ratio,
and pressure, p, are 03 and 40
respectively. Note that ¢ = 0.3 is adopted to
elucidate the ignition characteristics of a
m-heptane/air  mixture under high load
conditions [1, 3]. Several parametric studies
were performed to understand the effects of
varying the initial mean and fluctuation of
temperature and of varying the ratio of
turbulence to ignition delay timescale. A total
of twelve different DNS cases were performed
in the parameter space of initial physical
conditions: mean temperature T, temperature

¢Y

atm,

fluctuation root mean square (RMS) 7'; most
energetic turbulent length scale [,; turbulence
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velocity fluctuation w’; turbulence time-scale
delay 7+

ig*
represents the time at which

7,; and homogeneous ignition

Henceforth, 7,
the maximum mean heat release rate occurs,
and the superscript 0 corresponds to the
zero—dimensional simulation at  constant
volume. Details of the physical and numerical
parameters for the first twelve cases are
presented in Table 1.

Note that in real HCCI engines, ignition
delay is approximately 2 ms and turbulence
time-scale is ~ O(1ms) [5, 16, 17]. The
parameters in the present study were selected
so that the turbulence time-scale, 7, =1/u’, is
comparable to the homogeneous ignition delay
of the mixture at the same initial mean

pressure, T?g, which
turbulence-chemistry
interaction. Also note that temperature
fluctuations prior to the ignition in HCCI
engines are approximately 15~ 20 K [9], which
are much less than 7 = 60 or 100 K for the

temperature and

significantly  enhances

present  study. However, these high
temperature fluctuations can be achieved
through  direct injection or delayed-fuel

injection in HCCI combustion such that it is
also important to understand the ignition
characteristics of HCCI combustion with high
7.

The computational domain is a
two—-dimensional square box with each size of
the domain, L, of 3.2 mm, discretized with N
= 640 grid points for most cases. The
corresponding grid resolution is 5.0 pm. This
fine grid resolution is needed to resolve the
ignition structure at high pressure. For several
of the cases with large 7' (i.e., Cases 4, 5, 9,
and 12), 25 pm grid resolution is required to
resolve thin flame-like structures. The most
energetic length scale of the temperature
fluctuation, 1,, is 1.0 mm for all cases.
Typical profiles of initial temperature and
vorticity in the DNS are shown in Fig. 1.

While the integral scale of the temperature
fluctuation in the DNS is typically smaller
than in a real engine, the length scale of the
fluctuation does not control the evolution of
the temperature gradient or its dissipation rate
which controls the mode of combustion.
Assuming equilibrium between production and

T(K)
940.0
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8833
855.0
826.7
798.3
770.0

, (s
10000
6666
3334

-3334
-6666
-10000

Initial profiles of temperature

Figure 1.
and vorticity for Case 3.

dissipation of thermal fluctuations, the thermal
dissipation rate is proportional to the ratio of
the temperature RMS to the turbulence
time-scale [33]. Hence, although the DNS
integral length scales are smaller than those in
an engine, as long as the turbulence
time-scale and temperature fluctuations are
similar, the modes of combustion observed in
the DNS will be relevant to modes in actual
engines.

3. Effect of mean and RMS of initial
temperature

In the first parametric study, the combined
effect of mean and fluctuation of initial
temperature on the ignition of a lean
n-heptane/air mixture is investigated (see
Table 1 for a description of detailed
parameters). As discussed in Section 1,
thermal stratification, achieved through either
variations in mean or fluctuations in
temperature, was proposed to prevent an
excessive rate of pressure rise. Moreover, as
the mean temperature of the engine chamber
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Figure 2. Homogeneous ignition delay at

process from the low-temperature to
intermediate-temperature chemistry.

In the NTC regime, the ignition process
commences with the low-temperature
chemistry, and then, heat release from the
low-temperature chemistry triggers the
intermediate-temperature chemistry, in which
the low-temperature ignition process (e.g.
thermal dissociation of heptylhydroperoxide,
KET) ceases and H,0, dissociation
(H,0,+M - OH+OH+M) determines  the
rate of chain branching. The H,0, branching
rates are initially lower than the KET
branching rates prior to the transition, and
thus, it leads to a two-stage ignition with the
first stage ignition by the low-temperature
chemistry and the second stage ignition by the
intermediate-temperature chemistry [20].

Figure 2 shows 7',?0 as a function of initial

temperature. The first-stage ignition delay, T?g,
is also presented in the figure. While 7}, = 850
K and 934 K are within the NTC regime, 7

= 1008 K 1is slightly outside of the NTC
regime. Note also that two-stage ignition does
not exist for 7j, > 940 K.

3.1 Overall combustion characteristics

For each mean initial temperature three to
five DNS cases were performed with varying
levels of temperature fluctuations, 7. Figure 3
shows the temporal evolution of mean heat

release rate, ¢, for the cases. Three
observations are noted from the figure. First,
for the lower initial mean temperature cases
with 7, = 850 K (Cases 1-5), 7;, is retarded

ig
with increasing 7'; on the contrary, for the

constant volume with initial pressure of 40 atm
as a function of temperature

higher initial mean temperature cases with 7j
= 1008 K, 7, is reduced with increasing 7'
(Cases 10-12). For 7, = 934 K, 7,

ig
with small 7', but decreases with large 7.
Therefore, the cases with 7; = 934 K exhibit

the combined effects of low and high mean
temperatures near the NTC regime. Second,

increases

for all cases as 7  increases, ¢ is further

spread out over time and the peak ¢ is
reduced consistent with previous DNS of
hydrogen/air ignition under HCCI conditions
[17]. Third, the first-stage ignition delay for
the cases with 7, = 80 K is slightly

decreased with 7' and the corresponding peak

i] is also reduced. There 1is, however, no
significant difference in the first-stage ignition
delays for the cases with 7; = 934 K. Note

also that first-stage ignition is negligible for
cases with 7; = 1008 K.

The dependence of ¢ on 7} and T is
investigated by simply examining the initial
temperature distributions of the DNS. The
initial temperature distribution for each case
spans a different range of ignition delays.
Therefore, the overall ignition characteristics
may be estimated from the initial distritgution.

Figure 4 shows the 95 % range of 7, for

initial mixtures with 7' = 607K for 7, = 850,
934 and 1008°K (ie., Cases 4, 8, and 12
respectively). Note that small gaps between
the lines in the figure are intentionally placed
to clearly show the ranges. As shown in the
figure, the range of 7'?g for 7, = 850, 934 and
1008 K are 233 - 7.18 ms, 157 - 290 ms,
and 055 - 2.90 ms, respectively. Note that, for
T, = 850 K (Case 4), the fastest ignition delay
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Figure 3. Temporal evolution of mean heat
release rate with different temperature RMS
for (a) 77 = 850, (b) 934, and (c) 1008 K.

1s comparable to the corresponding ﬁ-)g (= 249
ms) and the slowest ignition delay is
three-times longer than 7,, much longer than

the total time required for complete combustion
(~ 3.0 ms, see Fig.3 (a)). Therefore, portions
of the domain with long ignition delay
significantly retard the overall combustion as
shown in Fig. 3 (a).

On the contrary, for 7, = 1008 K (Case
12), the fastest ignition delay is approximately
five-times shorter than the corresponding T$g,
such that the portions of the domain with
short 1ignition delay accelerate the ignition
progress over the homogeneous case, and
hence, overall combustion occurs quickly. Note
that, for 7, = 934 K, 7" = 100 K (Case 9)
degree  of  ignition
enhancement as 7' = 60 K (Case 12) with 7,
= 1008 K. Since 7; = 934 K lies in the middle

of the NTC regime, compared with 7j = 1008

induces a  similar

Ignition delay (ms)

800 900 1000 1100
T, (K)

Figure 4. 95 % range of ignition delay with
7" = 60 K for DNS with 7, = 850, 934, and
1008 K at initial pressure of 40 atm

K cases, larger 7' is required for the initial
scalar field to include proportionately larger
portions of the domain with higher initial
temperature or shorter ignition delays. This
simple estimate of the range of homogeneous
ignition delays of mixtures shows that
temperature fluctuations have a first-order
effect on the ignition characteristics of
n-heptane/air mixtures, with the sensitivities
greatest away from the NTC regime.

Hawkes et al.[17] found that deflagration

due to large 7' spreads out q in the ignition
of lean hydrogen/air mixtures. To verify this
mechanism in the ignition of a n-heptane/air
mixture, the overall structure of the heat
release rate field is examined. Figure 5 shows
isocontours of heat release rate, ¢, for Cases
6-9 approximately at each Tigs normalized by
the corresponding maximum heat release rate
during the homogeneous ignition,

q.m: 125.8 J/mm?s. It is readily observed from

the figure that ¢ occurs nearly simultaneously
throughout the domain as spontaneous ignition
for small 7' (Case 6). However, high q occurs
primarily at thin flame-like regions for large
T (Case 9), although relatively low ¢ also
occurs over a much broader area. Therefore,
this suggests that the combustion mode is
sensitive to variations with 77; 1ie., the
spontaneous ignition mode is predominant for
small 7 while the mixed mode of deflagration
and spontaneous ignition occurs for large 7.
Similarly, for Cases 5 and 12 with large
7', ignition is advanced due to the existence

of locally hotter mixtures, and ¢ is spread out



Figure 5. Isocontours of normalized
heat release rate for Cases 6-9

(from top to bottom) at t/7, = 1.0,
0.96, 0.88, and 0.60, respectively.

more as shown in Fig. 3 since a significant
fraction of the mixture with long ignition
delays are consumed by deflagrations. Thus
overall, combustion is controlled by flame
propagation characteristics. A detailed analysis
pertaining to the propagation and chemical
characteristics of deflagration and spontaneous
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Figure 6. Temporal evolution of (a)
temperature and (b) heat release rate with
T, 934 K and 7'= 100 K. The equally
spaced time sequence is numbered from 1 to

11, starting at 0.2 ms with an increment of
0.2 ms.

ignition modes is presented in the following
sections.

3.2 Combustion modes - propagation
speed and burning rate

In this section, the nature of the
combustion modes for the cases with different
7, and 7' is elucidated using diagnostics
previously developed in [16, 17]. Prior to
examining the two-dimensional DNS cases,
one-dimensional DNS reference cases are
simulated using a sinusoidal temperature
profile. The wavelength of 124 mm in the
one-dimensional cases matches the most
energetic length scale, [, in the 2-D DNS
cases and the mean and RMS temperature, 7}
and 7', also match the two-dimensional DNS
cases. Figure 6 shows the temporal evolution
of temperature and heat release rate profile for
T, = 934 K and 77 = 100 K corresponding to
Case 9. Combustion progresses in the
following manner: beyond the first-stage
ignition (2-4 in Fig. 6), a high-temperature

e’
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ignition kernel develops in the middle of the
domain (5-7 in Fig. 6) and subsequently
propagating  combustion  waves  emanate,
traveling to the left and right of the domain
(8-10 in Fig. 6); finally, the remaining gas is
heated by compression and consumed as the
propagating combustion wave approaches the
boundary of the domain (11 in Fig. 6).
Combustion progresses nearly the same as for
ignition of a lean hydrogen/air mixture [16],
except for the addition of first-stage ignition.
Note also that the presence of a propagating
front does not necessarily imply that the front
is a deflagration wave. The nature of the
propagating wave and the role of molecular
diffusion need to be identified.

For this purpose, the density-weighted

displacement  speed, S; , 1s adopted to
distinguish between deflagrations and
spontaneous ignition fronts [16, 17]; S(* is
defined as:

* 1 . 0

AT oy O] O

where Y, Viks and u')k. denote species mass
fraction, species diffusion velocity in the j
—direction and net production rate of species k,

respectively, and p, is the density of the

unburnt mixture. p, is calculated from the

local enthalpy and fresh mixture condition
assuming pressure and enthalpy remain
constant across the front [16, 17]. In the
present study, the isocontour of
Y. =Y., + ¥, =004 is chosen to evaluate
the displacement speed. This particular

isocontour coincides approximately with the
location of maximum g.

To understand the characteristics of
propagating fronts in the simulations, it is
with  the

corresponding laminar flame speed, S,. Note

5
necessary  to  compare S,

that unlike in the previous hydrogen/air DNS
study [16], the laminar flame speed could not
be obtained from a steady freely propagating
flame computation using the PREMIX code
[34] due to the highly reactive nature of the
current r-heptane/air mixture. In this study,
instead, the laminar flame speeds were
estimated from transient 1-D reactive DNS.
The DNS were initialized with a

T,=850K |!

I5F T,=934K || Wrmm
3 ____T__ V= il
——mopm- T,=1008K | :
12F ! LS
23 | AT
o OF w6k ;o
“ o
a ! Loy
ST sk
sfo0K Lo L
= \,\__‘\/\\__/7’ 60
%4 0.6 0.8 o 1.0 1.2 1.4

Figure 7. Temporal evolution of the front
speed, S,, of 1-D
different 7; and T

reference cases with

high-temperature ignition source such that a
combustion wave emanates from the source,
propagating into the reactive mixture ahead of
it. Since auto-ignition in the reactive mixture

does not occur prior to 7., the speed of the

ig?
propagating combustion Wwave, S; , can be
regarded approximately as the laminar burning
velocity, S;, at the corresponding pressure,
similar to the diffusive limit found in the
earlier hydrogen/air DNS study [16]. From the
simulations, S, of 7, = 8350, 934, and 1008 K
are found to be approximately 0.2, 0.25, and
0.32 m/s, respectively. Note that these speeds
do not change much with variations in the

strength of the ignition source and the
variation of the laminar flame speed with
pressure is also less than 10 % of mean

values. Therefore, henceforth the laminar flame
speeds described above provide a reference for
comparison with 5.

Figure 7 shows the temporal evolution of
the front speed, S; , for the 1-D DNS cases
with different 7}, and T corresponding to all
of the two-dimensional DNS cases. Nominally,
the curves exhibit a characteristics "U’ shape,
also observed in previous studies [16, 17].
Consistent with the two-dimensional DNS
cases, overall combustion is advanced with
increasing 7 for cases with 7, = 934 and
1008 K, but retarded for cases with 7}, = 850
K. Note also that, for all

*

incipient thermal runaway, S,

cases, during
of the nascent
ignition kernel is significantly larger than the

laminar flame speed, S;. S; is unbounded in
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the nascent ignition kernel since the scalar
gradient, |V Y|, in Eq. (1) vanishes [17, 35].
Similarly, burnout of the remaining charge
results in an abrupt thermal runaway due to

compression heating, and thus, S; is also
unbounded there as shown in Fig. 7. Between

*

singularities in S

the two ., however,

deflagration of relatively constant speed is
predominant for cases with large 7', and

hence,S; exhibits values close to S, with

increasing 7.

Figure 7 also shows that the duration of
the region of constant speed at the bottom of
the ‘U’ shape increases with increasing 7,
suggesting that combustion at the reaction
waves occurs primarily by deflagration rather
than by spontaneous ignition. On the contrary,
for cases with small 7', the front speed is
much greater than S5; to the extent that, for
some cases, it is too large to be shown in Fig.
7 (eg, T, = 934 K and 7 = 15 K.
Therefore, a small degree of thermal
stratification leads an excessive rate of heat
release due to simultaneous auto-ignition
occurring throughout the whole domain, which
should be avoided in HCCI combustion. These
results also suggest that the critical degree of
thermal stratification for smooth operation of
HCCI engines depends on the mean initial
temperature 7, and hence, both initial 7}, and
T need to be considered to curtail too large a
pressure rise rate.

The temporal evolutions of the mean front

speed, S; , for the two-dimensional DNS cases
is presented in Fig. 8 Note that the mean
front speeds also exhibit a characteristic ‘U’
shape qualitatively similar to the corresponding
one-dimensional cases. Comparison between
Figs. 5 and 8 verifies that deflagration waves
develop past initial thermal runaway for the
cases with large 7' as in the one-dimensional

cases. Moreover, deflagration waves appear
earlier and persist longer than the
corresponding one-dimensional cases, simply

because the large 7' results in locally hotter

mixtures than are present n the
one-dimensional cases, and hence, locally
auto—ignition can occur and evolve into a

deflagration  wave than in the

one-dimensional cases.

sooner

Figure 8. Temporal evolution of the front
speed, §;, of 2-D DNS cases with different 7;
and T

A quantitative measure of the occurrence
of deflagration and spontaneous ignition modes
in the combustion process is obtained from the
temporal evolution of the fraction of heat
release rate occurring in the deflagration mode
as shown in Fig. 9. To distinguish between
the two modes of propagation, the Damkohler
number, Da, defined by [34], is adopted:

Wk

SN TP AT YErS @

where Y, is used to evaluate Da. From 1-D

c

simulations, it is found that Da in the
diffusive limit is approximately 4.0. The
departure from unity is because, although the
combustion wave propagates under the

diffusive limit, the upstream mixture is highly
reactive and hence, the reaction term is
somewhat larger than the diffusion term. In
the present study, the delineation between the
two propagation modes is defined by Da less
than 4.0 (deflagration wave).

Several observations can be made from
Fig. 9. First, at the initial and final stages of

the ignition, the fraction of q from the
deflagration mode becomes unity simply
because the corresponding reaction rate

vanishes, and thus, Da also vanishes. Second,

the fraction of q from the deflagration mode
increases with increasing 77, such that over
half of the heat release rate occurs in the
deflagration mode between the first- and the
second-stage ignition for cases with large 7.

Third, for small 7', the fraction of ; from the
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Figure 9. Temporal evolution of fraction of
heat release rate from the deflagration mode
(thick lines) and heat release rate (thin lines)
with different temperature RMS: (a) 7, =

850, (b) 934, and (c) 1008 K.

deflagration mode vanishes much sooner than

the occurrence of the peak ¢; on the contrary,
for large 7' (e, Cases 5 9, and 12), a

considerable fraction of ¢ still occurs in the

deflagration mode at the point when ¢ peaks.
As discussed earlier in reference to the
one-dimensional DNS cases, at the final stage
of ignition, the remaining unburned charge is
heated by compression and consumed as
simultaneous ignition, exhibiting large values
of S; . Therefore, only a small fraction of
combustion occurs in the deflagration mode
during the final stages of ignition, verifying
that spontaneous auto-ignition occurs for small
7. However, a relatively large fraction of the
deflagration mode with large 7' indicates the

on auto-ignition of a lean homogeneous
n-heptane/air mixture at constant volume and
high pressure are investigated by direct
numerical simulations with a new 58-species
reduced mn-heptane/air kinetic mechanism. In
the first parametric study, the homogeneous
ignition delay was held constant, and twelve
cases with varying initial mean temperature
straddling the NTC regime were studied with
different degrees of temperature fluctuations
imposed. The displacement speed, Damkohler
number, and chemical explosive mode analyses
verify that, in general, larger 7' induces
greater spreading of the mean heat release rate
because the deflagration mode is predominant
at the reaction fronts for large 7. However,
spontaneous ignition prevails for small 7', and
hence, simultaneous  auto-ignition  occurs
throughout the whole domain, resulting in an
excessive rate of pressure rise. For mean
temperatures lower than the NTC region, e.g.
with 7 = 850 K, the ignition delay is retarded
with increasing 7. On the contrary, the
ignition delay is significantly decreased with
T for mean temperatures greater than the
NTC region (eg. 7, = 1008 K). For mean
temperatures within the NTC region, e.g. with
T, = 934 K, the combined effects of high and
low temperature manifest themselves such that
the ignition delay is retarded for small 7' but
is advanced with large 7.

These results imply that the critical degree
of thermal stratification for smooth operation
of HCCI engines depends on both the mean
initial temperature and the level of fluctuations.
Therefore, both mean and fluctuations of initial
temperature should be considered to control
ignition timing of HCCI combustion and to
alleviate the excessive rate of pressure rise.
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