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1 Introduction

Engine knock has received increasing attention recently [1, 2], especially considering its constraint on
engine downsizing and gasoline direct injection [3, 4]. It is generally accepted that knocking in spark
ignition engine (SIE) might be caused by end-gas autoignition [5]. Therefore, understanding
autoignition mode and reaction-pressure wave interaction are helpful to reveal knock mechanism [6].
Zel’dovich [7] first theoretically analyzed the interaction between autoignition front and pressure wave
as well as different autoignition modes in the presence of non-uniform reactivity. In the following
decades, many theoretical [8, 9] and numerical [10-14] studies were conducted to further assess the
effects of reaction and pressure wave interaction on reaction front propagation. The hot spot model
with linear temperature distribution was popularly used in these studies as initial condition.

However, previous studies were mainly focused on simplified reaction models or simple fuels such as
H,, CO and CHs. For example, Gu et al. [11] demonstrated that different propagation modes of
autoignition front can be initiated by temperature gradient in syngas/air mixture and they found a
detonation peninsular in the plot of two non-dimensional parameters, namely the normalized
temperature gradient and the ratio of acoustic time to excitation time. The detonation peninsular was
used for large hydrocarbon fuels even though it was obtained from simulation for syngas [15].

Only a few studies considered large hydrocarbon fuels with low-temperature chemistry which leads to
negative-temperature coefficient (NTC) phenomenon [16, 17]. El-Asrag et al. [18] observed three
ignition stages for DME/air mixture in NTC regime for both 0D (homogeneous) and 2D direct
numerical simulation. They discussed the effects of NOy addition on these ignition stages. Ju et al. [19]
investigated the ignition and flame propagation initiated by a hot kernel in n-heptane/air mixture at
both low and high temperatures. It was found that there are two flame structures respectively
dominated by high- and low-temperature chemistries. Yoo and coworkers [20, 21] examined the
effects of turbulence on autoignition. However, in these studies, shock and detonation caused by the
interaction between chemical reaction and pressure wave were not investigated.

Recently, we have studied different autoignition modes of n-heptane/air mixture caused by a cool spot
with positive temperature gradient [14]. It was found that shock compression of the mixture in front of
the deflagration wave produces an additional ignition kernel, which determines the autoignition modes.
Only planar configuration was considered in our previous study [14]. As an extension of [14], here we
also consider a spherical configuration since autoignition occurs at hot spot in practical engines.
Moreover, unlike [14] here emphasis is focused on hot-spot induced autoignition modes in
temperature below the NTC regime, at which multi-stage ignition of n-heptane occurs.
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The objective of the present study is to investigate the interaction among different ignition stages of n-
heptane and pressure waves generated by a hot spot with negative temperature gradient. First, different
ignition stages in homogeneous n-heptane/air mixture will be identified. Then, different autoignition
modes in 1D planar and spherical configurations will be discussed. It will be shown that different
pressure waves generated by different ignition stages determine the autoignition mode.

2 Model and specifications

In order to investigate the interaction among different ignition stages and pressure waves during
reaction front propagation, transient ignition processes initiated by a hot spot in 1D, adiabatic, planar
or spherical chamber are simulated (see Fig. 1). Figure 1 (c) shows the initial temperature distribution
in planar geometry. The temperature is linearly distributed within the hot spot (0<x<5 mm) with a
negative gradient and a mean value of 780 K while it is uniform everywhere outside the hot spot.
Stoichiometric n-heptane/air initially at 40 atm is considered here. For spherical configuration, the
initial condition is similar to that in Fig. 1 (c): the radius of the hot spot is 7)=5mm and the temperature
at ro/2 is 780 K. The length or radius of the computation domain is 10 cm and adiabatic and reflective
boundary conditions are adopted for both sides. The 1D ignition process is simulated using the in-
house code A-SURF which uses a multi-level, dynamically adaptive mesh refinement algorithm to
maintain adequate numerical resolution of the flame, compression wave, shock wave, and detonation.
The details on the governing equations, numerical schemes, and code validation can be found in [22,
23]. It has been demonstrated in our previous studies [14, 24] that A-SURF can accurately resolve
flame, shock wave and detonation wave.

The skeletal mechanism for n-heptane oxidation [25] is used in simulation. 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 [25].
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Fig. 1 Schematic plot of 1D (a) planar and (b) spherical configuration for autoignition front propagation initiated
by a hot spot. The initial temperature distribution in a planar geometry is shown in (c).

3 Results and Discussion

For large hydrocarbon fuels, the ignition process is usually dominated by different chemical paths at
different temperature ranges, and multiple ignition stages during the entire ignition process at low
temperatures [16-18]. Figure 2 shows homogeneous (0D) ignition processes as well as the local
ignition process initially at x=8 cm in 1D planar geometry with a hot spot (see Fig. 4). Three ignition
stages with different heat release peaks and temperature increments are observed. Similar three-stage
ignition process was also observed by El-Asrag et al. [18] for DME/air mixture.These three ignition
stages are respectively dominated by low-, intermediate- and high-temperature chemistries [16, 18].
Therefore, we call them low-temperature ignition (LTI), intermediate-temperature ignition (ITI), and
high-temperature ignition (HTI), respectively.
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Fig. 2 Temporal evolution of heat release rate in
homogeneous (0D) systems as well as at xp=8 cm in
1D planar system for stoichiometric n-heptane/air
mixture. The initial pressure and temperature are
respectively Po=40 atm and 7,=778.8 K.

Fig. 3 (a) Ignition delay time and (b) critial
temperature gradient for different ignition stages
(LTI, ITI, and HTI) as a function of initial
temperautre  for  stoichiometric  n-heptane/air
mixture at Py=40 atm.

In order to investigate the possible interaction among these ignition stages and pressure waves
generated by initial temperature gradient, the ignition delay times of LTI, ITI and HTI (defined based
on the maximum heat release rate, see Fig. 2) in constant-volume homogeneous ignition are plotted in
Fig. 3 (a). It is noticed that the ignition delay time of HTI is actually the global ignition delay time for
the entire ignition process. According to Fig. 3(a), the NTC regime is 850<7,<960 K.

In absence of heat conduction and mass diffusion, there exists a specific value of temperature gradient
at which autoignition front propagates at the speed of sound, which is called critical temperature

gradient [7, 11]:
-1 -1
() ) o () ) )
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where 7 and a are respectively ignition delay time and sound speed. Based on the critical temperature
gradient, the non-dimensional temperature gradient within the hot spot is introduced [11]:
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Figure 3 (b) plots the critical temperature gradient for three ignition stages. It is observed that the
critical temperature gradient for LTI is different from those for ITI and HTI when 75>820 K. However,
the critical temperature gradients for different ignition stages are shown to be close to each other when
the temperature is low (7,<820 K). This indicates that at a proper temperature gradient (not
neccesarily critical temperature gradient, see [11, 14]), all the three ignition stages may couple with
pressure waves and thus generate strong chemical-acoustic waves.

Figure 4 shows a typical case manifesting this complex interaction. It is observed in Fig. 4 (a) and (c)
that initially the autoignition of the hot spot generates the first detonation wave (D1) as well as a
pressure wave in front of it which both propagate towards the right. By examining chemical reactions
and state parameters of particles at different initial locations, it is found that the first detoantion wave
D1 is produced and maintained by the intense high-temperature ignition while the pressure wave
ahead is generated by the intermediate-temperature ignition within the hot spot. After the coupling and
mutual reinforcement between ITI and the pressure wave, the latter eventually evolves into a shock

wave. This pressure wave as well as the subsequent shock wave is called as ITI pressure wave (see Fig.
4d). On the other hand, it is seen in Fig. 4 (d) that there is another weaker pressure wave ahead of the

ITI pressure wave. This pressure wave is caused by the low-temperature ignition within the hot spot. It

is therefore called as LTI pressure wave. These two pressure waves compress reactants during

propagtion. At t=1039 pus (line #6 in Fig. 4), the mixture between the ITI pressure wave and detonation
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wave D1 autoignites due to compression and finally evolves into the second detonation wave (D2).
The first detonation wave (D1) soon degenerates into the shock wave (S1) due to the depletion of the
reactants ahead of it. Later, the mixture in front of the second detonation wave D2 autoignites due to
the compression of the LTI pressure wave and generates two supersonic autoignition fronts
propagating in opposite directions. The second detonation wave D2 becomes the shock wave (S2)
when it encounters the supersonic autoignition front propagating to the left.
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Fig. 4 Temporal evolution of (a) temperature, (b) heat release rate (c) pressure and (d) presure in enlarged
version in planar geometry for 7,=900 K, x¢=5 mm, and &=4. The time sequence is 1: 1000 ps, 2: 1025 ps, 3:
1030 ps, 4: 1034 ps, 5: 1037 ps, 6: 1039 ps, 7: 1041 ps, 8: 1044 ps.
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Fig. 5 The change of the location of reaction fronts with time. Lines of different colors represent different
reaction fronts: the red denotes the original reaction front; the blue and green ones respectively denote leftward
and rightward propagating reaction fronts caused by the first autoignition in the unburned mixture; the cyan and
pink ones respectively denote leftward and rightward propagating reaction fronts caused by the second
autoignition in the unburned mixture.

It is noted that the above interesting wave phenomenon is a consequence of interaction among
different complex chemistries of large hydrocarbon fuel and pressure waves in the presence of
temperature gradient. It does not happen for simple fuels or large hydrocarbon fuels at high
temperature since there is no multi-stage ignition. In addition, the autoignition process in spherical
geometry with the same temperature gradient is similar to that in planar geometry (Fig. 4), except that
the ITI pressure wave does not develop to a shock wave and that the autoignition caused by it does not
form a detonation. The details are not presented here due to space limitation and will be presented at
oral presentation. Figure 5 shows the location of the reaction fronts (lines of different colors represent
different reaction fronts) for both planar and spherical geometries. The reaction front is defined as the
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location where the local temperature equals to 2000 K. It is seen that for both geometries, autoignition
in front of propagating reaction front (detonation or deflagration wave) occurs twice due to the
presence of ITI and LTI pressure waves.

4 Conclusions

The ignition and reaction front propagation process of n-heptane/air mixture initiated by a hot spot in
1D planar and spherical systems is numerically investigated considering detailed chemistry. It is found
that at low temperature, n-heptane/air mixture undergoes a three-stage ignition process, which is
sequentially dominated by low-, intermediate- and high-temperature ignition. At proper temperature
gradient, these three ignition stages may all couple with corresponding pressure waves and either
generate detonation wave or cause autoignition in front of the propagating reaction front. The complex
wave phenomenon of n-heptane/air mixture indicates the significant difference between the ignition
modes of large hydrocarbon fuels at low temperature and those of simple fuels or large hydrocarbon
fuels at high temperature.
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