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Abstract

Usually different autoignition modes can be generated by a hot spot in which ignition occurs earlier than
that in the surrounding mixture. However, for large hydrocarbon fuels with negative temperature
coefficient (NTC) behavior, ignition happens earlier at lower temperature than that at higher temperature
when the temperature is within the NTC regime. Consequently, a cool spot may also result in different
autoignition modes. In this study, the modes of reaction front propagation caused by temperature gradient
in a one dimensional planar configuration are investigated numerically for n-heptane/air mixture at initial
temperature within and below the NTC regime. For the first time, different supersonic autoignition modes
caused by a cool spot with positive temperature gradient are identified. It is found that the initial temper-
ature gradient has strong impact on autoignition modes. With the increase of the positive temperature
gradient of the cool spot, supersonic autoignitive deflagration, detonation, shock-detonation, and
shock-deflagration are sequentially observed. It is found that shock compression of the mixture between
the deflagration wave and leading shock wave produces an additional ignition kernel, which determines
the autoignition modes. Furthermore, the cool spot is compared with the hot spot with temperature below
the NTC regime. Similar autoignition modes are observed for the hot and cool spots. Different autoignition
modes in the considered simplified configuration are summarized in terms of the normalized temperature
gradient and acoustic-to-excitation time scale ratio. It is shown that the transition between different autoig-
nition modes is not greatly affected by the NTC behavior. Therefore, our 1-D simulation indicates that like
hot spot, the cool spot may also generate knock in engines when fuels with NTC behavior is used and the
temperature is within the NTC regime.
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1. Introduction

Recently, advanced engine technologies such
as homogeneous charge compression ignition
(HCCI) and low temperature combustion (LTC)
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have drawn massive attention due to their excel-
lent performance in efficiency improvement and
emission reduction [1]. However, in practical
HCCI engines, experiments [2] showed that
instead of simultaneous thermal explosion of the
entire charge, multiple separated spots first
auto-ignite and then are followed by combustion
of surrounding charge. These autoignition spots
introduce certain modes of reaction front propa-
gation towards unburned gas due to the spatial
distribution of charge reactivity.

Zel’dovich [3] first analyzed different modes for
propagating combustion waves caused by autoig-
nition in the presence of non-uniform reactivity.
Later, other researchers extended Zel’dovich’s
work using either simplified reaction model [4,5]
or detailed chemistry [6–9]. Using 1-D simulation
for syngas/air with detailed chemistry and trans-
port, Gu et al. [8] demonstrated that five propaga-
tion modes of autoignition front can be initiated
by temperature gradient: thermal explosion,
supersonic autoignitive deflagration, developing
and developed detonation, subsonic autoignitive
deflagration, and conventional laminar burning
deflagration. They also proposed the limits for
detonation initiation in terms of two non-
dimensional parameters, namely the normalized
temperature gradient (n) and the ratio of acoustic
time to excitation time (e) and found a detonation
peninsular in the plot of n versus e. The theory of
detonation peninsular was further extended in the
study of noise and knock (or super-knock) in con-
ventional engines [10–12], turbo-engines [13], and
deflagration-to-detonation transition (DDT)
experiments [11]. It is noted that in the n-e regime
map mentioned above, determination of practical
engine conditions usually requires assumptions of
temperature gradient and hot spot radius, which
make it quantitatively inaccurate. Nevertheless,
it provides important qualitative insights on nec-
essary conditions for knock occurrence in practi-
cal engines. In addition, Rudloff et al. [12]
introduced a new non-dimensional parameter, p,
to predict the violence of abnormal combustion
in realistic engines along with the location of (n,
e) relative to the detonation peninsula.

Previous studies on the autoignition front
propagation with reactivity inhomogeneity were
mainly focused on simple fuels such as H2, CO,
and CH4. However, unlike those simple fuels,
large hydrocarbons utilized in engines usually
have complicated low-temperature chemistry,
and therefore manifest complex ignition and
burning properties including negative temperature
coefficient (NTC) behavior [14–16]. Ignition and
reaction wave propagation are influenced by the
coupling effects among low- and high-temperature
chemistries, transport, and acoustic waves [16].
On the other hand, the non-monotonic depen-
dence of ignition delay time on temperature in
NTC regime makes ignition first occur at cooler
locations (for example, the position close to the
engine wall) instead of hot spots [17]. Zhang et al.
[18] studied dimethyl ether auto-ignition in a 1-D
laminar situation with temperature inhomogenei-
ties. They observed ignition from cold spots for a
mean temperature in NTC regime and assessed
the influence of temperature gradient on molecular
diffusion effects and pressure fluctuations. Yoo
et al. [19] conducted 1-D and 2-D DNS to examine
the effects of temperature gradient and turbulence
on n-heptane/air ignition for various temperatures
inside and outside of the NTC regime. However,
these two studies only considered subsonic modes
of reaction front propagation. In practical Internal
Combustion Engines, ignition front propagation
might be supersonic when knock or super-knock
occurs. Therefore, a comprehensive study on the
autoignition front propagation including both sub-
sonic and supersonic modes in temperature inho-
mogeneity at low temperatures, especially within
NTC regime, is needed.

The present work aims to extend the theory on
autoignition modes proposed by Zel’dovich [3]
and Gu et al. [8] by considering autoignition of
n-heptane at temperature within the NTC regime
in a one dimensional planar configuration. Unlike
previous studies considering hot spot, here the
autoignition front propagation is initiated by a
cool spot in which temperature is lower than sur-
rounding mixture. Different modes of reaction
front propagation are observed with the increase
of temperature gradient in the cool spot. It is
emphasized that unlike hot/cool spot in engines,
1-D planar rather than spherical configuration is
considered here and thereby the present results
are only of indicative value.
2. Model and specifications

n-Heptane is considered in this study since it is
the main component of Primary Reference Fuel
(PRF) for gasoline and it has typical two-stage
ignition process with low- and high-temperature
chemistries as well as NTC behavior [14,15]. In
simulation, the skeletal mechanism for n-heptane
oxidation developed by Liu et al. [14] is used. This
mechanism has been demonstrated to be able to
accurately predict ignition (including NTC regime)
and flame propagation of n-heptane/air mixtures
at a broad range of temperatures and pressures
[14]. Stoichiometric n-heptane/air initially at
40 atm is considered in this study. Figure 1(a)
shows the homogeneous ignition delay time, s, as
a function of initial temperature, T0. In the NTC
regime, 850 < T0 < 960 K, the ignition delay time
increases with the initial temperature.

To investigate the different modes of reaction
wave propagation, we consider the transient
ignition and wave propagation processes in a
one-dimensional, planar, adiabatic, closed
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Fig. 1. (a) Ignition delay time and (b) critical temper-
ature gradient as a function of initial temperature for
stoichiometric n-heptane/air mixture at 40 atm. The
inset shows the initial temperature profiles at T0 = 900 K
and n = 1 and 10.
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chamber (adiabatic and reflective boundary con-
ditions are adopted for both sides). We limit our
focus to laminar combustion regimes and thereby
the initial flow is static without turbulence. This
simplified configuration is applied to indicate pos-
sible behaviors of real systems. As shown in the
insert in Fig. 1(a), a cool spot with linear temper-
ature distribution is located on the left side of the
domain (i.e. 0 6 x 6 x0, where x0 is the size of the
cool spot). The temperature outside the cool spot
(i.e. x P x0) is uniform everywhere. The length of
the computation domain is 10 cm (i.e.
0 6 x 6 10 cm) and the size of ignition spot, x0,
varies from 1 mm to 6.1 mm. For the cool spot,
the temperature gradient is positive; and it
becomes negative once a hot spot is considered.

The critical temperature gradient at which
autoignition front propagates at the speed of
sound in absence of heat conduction and mass dif-
fusion is [3,8]:

dT 0

dx

� �
c

¼ a�1 ds
dT 0

� ��1

ð1Þ

where a is local sound speed at which pressure
wave propagates. Figure 1(b) shows the critical
temperature gradient as a function of initial tem-
perature. Figure 1(b) shows that two singular
points exist at the boundaries of NTC regime,
and that the critical temperature gradient in
NTC regime is positive. Therefore, in NTC
regime, locations with lower temperature and
proper positive temperature gradient are expected
to ignite first and generate developing detonations
thereafter. We introduce the non-dimensional
temperature gradient, n:
n ¼ dT 0

dx
=

dT 0

dx

� �
c

ð2Þ

where (dT0/dx) is the temperature gradient within
the ignition spot in 1-D simulation. It is noted that
the critical temperature gradient is based on the
mean temperature of the ignition spot, T0. As
shown in Fig. 1(b), we consider two typical mean
temperatures of ignition spot: one is T0 = 900 K
within the NTC regime at which a cool spot with
positive temperature gradient is established; the
other is T0 = 780 K outside the NTC regime at
which a hot spot with negative temperature gradi-
ent is established. The inset in Fig. 1(a) shows the
initial temperature profiles at T0 = 900 K and
n = 1 and 10.

The 1-D autoignition wave propagation is sim-
ulated using the in-house code A-SURF (Adap-
tive Simulation of Unsteady Reactive Flow). A-
SURF solves the conservation equations of one-
dimensional, compressible, multi-component,
reactive flow using the finite volume method.
The second-order accurate, Strang splitting frac-
tional-step procedure is utilized to separate the
time evolution of the stiff reaction term from that
of the convection and diffusion terms. In the first
fractional step, the non-reactive flow is solved.
The Runge-Kutta, MUSCL-Hancock (with MIN-
BEE flux limiter), and central difference schemes,
all of second-order accuracy, are employed for
the calculation of the temporal integration, con-
vective flux, and diffusive flux, respectively. The
chemistry is solved in the second fractional step
using the VODE solver. To maintain adequate
numerical resolution of the compression wave,
shock wave, and detonation, a multi-level,
dynamically adaptive mesh refinement algorithm
has been developed and used in A-SURF. The
reaction zone, compression wave, shock wave,
and detonation wave are always fully covered by
the finest meshes of 2 lm and the corresponding

time step is 4 � 10�10 s. In the Supplementary
document, numerical convergence is demon-
strated by further decreasing time step and grid
size in simulation. A-SURF has been successfully
used in our previous studies on ignition and flame
propagation [20–22]. The details on the governing
equations, numerical schemes, and code valida-
tion can be found in [23–24]. As shown in the Sup-
plementary document, A-SURF can accurately
capture shock wave propagation. Moreover, the
detonation speed predicted by A-SURF is very
close to the Chapman-Jouguet value for detona-
tion speed which shows that A-SURF can capture
detonation propagation.
3. Results and discussion

The propagation velocity of autoignition front
based on homogeneous ignition condition is [3,8]:
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u0
a ¼

ds
dx

� ��1

¼ ds
dT 0

dT 0

dx

� ��1

¼ a=n ð3Þ

where the superscript 0 denotes that the velocity is
directly deduced from homogeneous results in
which heat conduction, mass diffusion, and
reacted gas expansion are not taken into consider-
ation. The relation between ua

0 and sound speed a
is only an approximate indicator of the propaga-
tion modes of autoignition front since heat
conduction and mass diffusion modify the temper-
ature gradient and ignition delay time. For exam-
ple, one-dimensional simulation [8] shows that
developing detonation occurs for a range of n
lager than unity. In the following we first discuss
different autoignition front propagation modes
at NTC regime (T0 = 900 K). Stoichiometric
n-heptane/air mixture initially at 40 atm is consid-
ered in this study.

Figure 2 shows the autoignition process at
n = 1 (dT/dx = 640 K/m, see Fig. 1b). A
supersonic autoignitive deflagration instead of a
detonation wave is observed. Because of heat con-
duction and diffusion of radicals [8], the gradient
of the ignition delay, ds/dx, decreases during
induction period, which makes the autoignition
front propagates at very high speed of
ua � 4000 m/s (much greater than the Chapman–
Jouguet detonation speed of 1857 m/s). The peak
values of temperature and pressure are found to
be very close to those of homogeneous ignition
at constant volume (3060 K, 146 atm). Therefore,
it is a typical supersonic autoignitive deflagration
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Fig. 2. Temporal evolution of temperature, pressure,
and heat release rate distributions for T0 = 900 K,
x0 = 5 mm, and n = 1. The time sequence is 1: 0 ls, 2:
646 ls, 3: 647 ls, 4: 648 ls, 5: 649 ls.
controlled by local autoignition (chemical reac-
tions) instead of transport.

According to Eq. (3), the propagation velocity
decreases as the temperature gradient within the
cool spot increases. When the normalized temper-
ature gradient reaches a certain value (e.g. n = 3
for T0 = 900 K), the autoignition wave propa-
gates at a speed close to the sound speed and
thereby chemical reaction couples with the pres-
sure wave initiated by local heat release, which
results in a developing detonation. Figure 3 shows
a typical case of detonation development for
n = 10. It is observed that the detonation wave
arises within the cool spot and then propagates
into the right until the mixture ahead of it auto-
ignites. After the detonation wave is fully devel-
oped (at t = 665 ls, denoted by number 2 in
Fig. 3), it propagates at a constant speed which
is very close to that of C-J detonation speed of
1857 m/s. The maximum pressure (�400 atm) is
much higher than that in homogeneous
constant-volume ignition (146 atm).

With further increase of temperature gradient,
the autoignition front speed decreases according
to Eq. (3) such that the pressure wave initiated
by the original local thermal explosion decouples
with the autoignition front. When n > 19, the sim-
ple C–J detonation shown in Fig. 3 disappears and
more complex shock-reaction interaction occurs.
A typical case is shown in Fig. 4 for n = 28. It is
observed that the decoupling of pressure wave
with the autoignition front occurs at t = 670 ls
(see the lines denoted by number 1 in Fig. 4).
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The leading pressure wave propagates towards the
right side and eventually evolves into a shock
wave (the states before and after the wave are
found to satisfy the jump relations for normal
shock). Figure 4 indicates that chemical reactions
mainly take place at the deflagration wave behind
the shock wave and there is no heat release
around the shock. However, due to the shock
compression, the mixture between the deflagration
wave and leading shock wave starts to auto-ignite
at t = 705 ls (line #2 in Fig. 4) [25]. This eventu-
ally evolves into a detonation wave (line #4 in
Fig. 4). This phenomenon is similar to the ‘explo-
sion in the explosion’ observed by Urtiew et al.
[26] in their study of DDT except that turbulence
is present in their experiments.

Figure 5 shows the evolution of the location
and propagation velocity of the reaction front
and shock wave for the same case as in Fig. 4.
The reaction front consequently manifests as (I)
deflagration, (II) autoignition in front of the defla-
gration, and (III) detonation. The jump of the
velocity of reaction front in Fig. 5 is due to fast
autoignition of the shock-compressed mixture.
At t = 720 ls, the reaction front couples with the
shock wave and becomes a detonation which
propagates to the right at a velocity close to C–J
detonation value of 1857 m/s until all the rest of
gas auto-ignites at t = 740 ls .

Since the mean temperature in the cool spot,
T0, is fixed at 900 K, the lowest temperature at
x = 0, TL, and highest temperature at x = x0,
TH, (see the insert in Fig. 1a) decreases and
increases, respectively, with the temperature
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Fig. 4. Temporal evolution of temperature, pressure,
and heat release rate distributions for T0 = 900 K,
x0 = 5 mm, and n = 28. The time sequence is 1: 670 ls;
2: 705 ls; 3: 712 ls; 4: 720 ls; 5: 722 ls.
gradient. When the temperature gradient is large
(i.e. n > 32), the lowest temperature at x = 0 is
below 850 K which is lower boundary of NTC
regime. Consequently, auto-ignition does not hap-
pen sequentially from the left side to the right side
within the cool spot. Figure 6 shows the results for
n = 45. It is observed that autoignition first occurs
in the middle of the cool spot (see line #1) instead
of at x = 0. This ignition kernel forms two defla-
gration and pressure waves propagating towards
the left and right sides. The left-propagating
pressure wave quickly reaches the wall and gets
reflected. Therefore, at t = 675 ls (line #2 in
Fig. 6), a two-step like temperature profile is
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observed ahead of the deflagration wave. This
particular pressure wave assemble finally evolves
in to a single shock wave. Like the case in
Fig. 4, autoignition occurs in the shock-com-
pressed mixture between the deflagration wave
and shock wave at t = 694 ls (line #3 in Fig. 6).
The non-monotonic temperature distribution for
the shock-compressed mixture is the consequence
of two competing factors: although the left part of
the mixture is compressed by the shock earlier, the
strength of the shock is weaker compared with
the later one which compresses the right part of
the mixture since the shock wave intensifies itself
during propagation. Consequently, some point
in the middle ignites first compared with the sur-
rounding substance. This autoignition kernel
again forms two deflagration and pressure waves
propagating towards the left and right sides (line
#4 in Fig. 6). The deflagration wave moving
toward the left consumes all reactants therein.
On the other hand, the deflagration wave propa-
gating toward the right evolves into a detonation
wave, similar to the case shown in Fig. 4.

With further increase in temperature gradient,
the temperature outside the cool spot finally
exceeds the upper boundary of NTC regime and
eventually the mixture outside the cool spot
auto-ignites first. Therefore, for very large n, the
cool spot and the surrounding mixture ignite
almost simultaneously (the temporal evolution of
temperature, pressure, and heat release rate distri-
butions is not plotted due to space limit). This
occurs around n > 55 for T0 = 900 K and
x0 = 5 mm. With the decrease of the cool spot
size, x0, the critical normalized temperature gradi-
ent, n, increases (e.g. n > 110 for x0 = 2 mm).

In summary, three autoignition modes are
observed for a cool spot with temperature in
NTC regime: I, supersonic autoignitive deflagra-
tion (Fig. 2); II, detonation (Fig. 3); and III,
shock- detonation (Figs. 4 and 6). Figure 7 shows
the temperature gradient ranges for different
autoignition modes at T0 = 900 K and
x0 = 2 mm and 5 mm. It is noted that autoignition
mode III includes two cases which differ from
each other in terms of the monotonicity of tem-
perature profile in cool spot after its autoignition
(III-1, monotonic, see Fig. 4; and III-2, non-
monotonic, see Fig. 6). For x0 = 5 mm, the
autoignition advance of cool spot compared with
the surrounding mixture vanishes when n > 55
while the ignition advantage of cool spot with
x0 = 2 mm always exists in the temperature
gradient range shown in Fig. 7.

In order to further reveal the influence of initial
temperature gradient within cool spot on the
autoignition front propagation, Fig. 8 shows
temporal evolution of reaction front location and
velocity for different values of normalized temper-
ature gradient, n, with x0 = 5 mm. The dashed
horizontal lines represent C–J detonation velocity
of 1857 m/s. When n is very small, the autoignition
wave propagates supersonically (ua � 4000 m/s for
n = 1) and thermal explosion occurs soon after the
ignition of cool spot. With the increase of n
(n = 5–19), a detonation develops and maintains
itself even outside of the cool spot until thermal
explosion occurs. A further increase of n, however,
leads to decouple between the leading shock wave
and the reaction zone. Autoignition kernel appears
in the mixture between the deflagration wave and
leading shock (Figs. 4 and 6). The appearance of
this kernel is manifested in Fig. 8 by the sudden
jump of reaction front velocity for n = 23 and
the jump of both reaction front location and veloc-
ity for n = 38. The deflagration wave formed by
the additional ignition kernel soon evolves into a
detonation and propagates rightward until ther-
mal explosion of the system occurs.

Although cases with x0 = 5 mm shown in Fig. 8
clearly show the propagating process of both det-
onation and shock-detonation, the fourth mode
of shock-deflagration does not exist in this config-
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uration due to the limitation of upper boundary of
the NTC regime. For cases with smaller cool spot
(x0 = 2 mm) and thus smaller temperature differ-
ence, all the four autoignition modes including
supersonic autoignitive deflagration, detonation,
shock-detonation and shock-deflagration are
observed. It is noted that the last mode is quite
similar to the shock-detonation, except that its
velocity never reaches C–J value (i.e. supersonic
deflagration) before thermal explosion. In addi-
tion, its maximum pressure (�200 atm) is much
lower than that of detonation case.

Unlike the cases studied by Gu et al. [8] and
Bradley et al. [10], the decouple of pressure wave
and reaction zone does not necessarily lead to
the failure of detonation development here. This
is because the spherical geometry was considered
therein while the planar configuration is consid-
ered in the present study. In Fig. 8, the subsonic
deflagration waves at large n before additional
ignition kernels appear (velocity and location
jump) are basically the same as the ‘subsonic def-
lagration’ in Ref. [8]. The autoignition caused by
wave-compression was also observed by Weber
et al. [7] in H2/O2 mixture. They emphasized that
this situation happens only when the mixture tem-
perature outside the hot spot is high enough. Con-
sidering that the mixture is above 1000 K before
the shock wave arrives (see Figs. 4 and 6),
shock-compression in this work plays a dominant
role in changing autoignition modes. Similar con-
clusion was also drawn in a recent review paper
[25] on the interactions between flame propaga-
tion and pressure waves. In addition, autoignition
front of deflagration wave caused by shock wave
was observed by Urtiew et al. [26] in their early
experimental study on DDT. However, the
so-called ‘explosion in the explosion’ in their
experiment was the result of turbulence, wall
effects, gas dynamics (transverse shock wave)
and combustion chemistry, which was intrinsically
multi-dimensional. Bradley [11] analyzed this
experimental phenomenon in his ‘detonation pen-
insular’ framework using one-dimensional theory
considering turbulent flame and the good
agreement was achieved. Therefore, the shock-
detonation and shock-deflagration modes
observed in this work could be instructive for rel-
evant experimental and multi-dimensional simula-
tion observations despite of its one-dimensional
and laminar nature.

Besides the cool spot within NTC regime, we
also investigate flame propagation caused by hot
spot outside NTC regime. A low temperature,
T0 = 780 K, is chosen as the mean temperature
within the hot spot, which corresponds to a criti-
cal temperature gradient of �120 K (see Fig. 1).
The negative value indicates that a hot spot with
high temperature rather than a cool spot can gen-
erate propagating autoignition wave. It is found
that despite of the different dependence of ignition
delay time on temperature within and outside the
NTC regime, the hot and cool spots show similar
autoignition modes with the increase of the nor-
malized temperature gradient, n. Figure 9 summa-
rizes the autoignition modes in terms of n and e.
Following Gu et al. [8], e is the ratio of acoustic
time (x0/a) to excitation time se (defined as the time
interval between 5% and maximum heat release
rate), which assesses the rapidity of reaction
energy release. It is observed that the boundaries
between two adjacent modes for the cool spot
(T0 = 900 K) are close to those for the hot spot
(T0 = 780 K). This implies that the NTC behavior
does not significantly change the autoignition
modes as long as n and e are fixed. Moreover,
Fig. 9 shows that n separating autoignition modes
II and III slightly decreases with e, implying that a
larger e (or a larger x0 for fix cool/hot spot mean
temperature T0) promotes the decouple of pressure
wave from reaction zone. With the increase of e,
the range for n in autoignition mode III expands
greatly, indicating that the compression effect of
shock wave is enhanced. This is due to more rapid
reaction energy release at higher e which enhances
the strength of pressure wave.
4. Conclusions

Different autoignition modes caused by
temperature gradient are investigated numerically
in a one dimensional planar configuration for
n-heptane/air mixture at initial temperature
within and below the NTC regime. In previous
studies, hot spot with negative temperature
gradient was used to generate different autoigni-
tion modes. Here autoignition modes caused by
a cool spot with positive temperature gradient
(the initial temperature is within NTC regime)
are studied and different supersonic autoignition
modes are identified. The initial temperature gra-
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dient is shown to have a great impact on autoigni-
tion modes. With the increase of the temperature
gradient of the cool spot, four autoignition modes
are identified: supersonic autoignition deflagra-
tion, detonation, shock-detonation, and shock-
deflagration. It is found that in the present config-
uration, the shock compression of the mixture
between the deflagration wave and leading shock
wave produces an additional ignition kernel,
which evolves into either a detonation wave or a
supersonic deflagration wave. Therefore, shock-
compression could be an important factor deter-
mining the autoignition modes. Furthermore, the
hot spot with temperature below the NTC regime
is also studied and similar autoignition modes are
observed for the hot and cool spots. Different
autoignition modes in one dimensional planar
configuration are summarized in terms of two
normalized variables n (normalized temperature
gradient) and e (the ratio between acoustic time
and excitation time). It is shown that the NTC
behavior does not greatly change the autoignition
modes as long as n and e are fixed. Therefore, sim-
ulations in the present academic configuration
suggest that like hot spot, the cool spot may also
generate knock in engines when fuels with NTC
behavior is used and the temperature is within
the NTC regime.
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