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Abstract

The advancement of highly boosted internal combustion engines (ICEs) with high thermal efficiency is
mainly constrained by knock and super-knock, respectively, due to the end gas autoignition and detonation
development. The pressure wave propagation and reflection in a small confined space may strongly interact
with local end gas autoignition, leading to combustion characteristics different from those in a large chamber
or open space. The present study investigates the transient autoignition process in an iso-octane/air mixture
inside a closed chamber under engine-relevant conditions. The emphasis is given to the assessment of effects
of the pressure wave-wall reflection and the mechanism of extremely strong pressure oscillation typical for
super-knock. It is found that the hot spot induced autoignition in a closed chamber can be greatly affected by
shock/pressure wave reflection from the end wall. Different autoignition modes respectively from the hot spot
and the end wall reflection are identified. A non-dimensional parameter quantifying the interplay between
different length and time scales is introduced, which helps to identify different autoignition regimes including
detonation development near the end wall. It is shown that detonation development from the hot spot may
cause super-knock with devastating pressure oscillation. However, the detonation development from the end
wall can hardly produce pressure oscillation strong enough for the super-knock. The obtained results provide
a fundamental insight into the knocking mechanism in engines under highly boosted conditions.
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Downsized and turbocharged spark ignition en-
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lower fuel consumption. However, the tendency
of knock and super-knock is greatly enhanced in
highly boosted environment [1,2], which remains a
major limitation for the development of modern in-
ternal combustion engines (ICEs). Unlike conven-
tional knock, super-knock is characterized by ex-
tremely high and destructive pressure oscillations
(usually above 20 MPa) and it occurs stochastically
in highly boosted SIEs [1,3,4]. While conventional
knock has direct relevance to end gas autoigni-
tion, super-knock is found to be closely associ-
ated with detonation development induced by ran-
domly localized hot spot [3-5]. Besides, lubricant
oil droplets [6], particles [7] and deposits [8] can also
be possible sources of super-knock. However, the
detailed mechanism of super-knock with destruc-
tive in-cylinder pressure oscillation is still not well
understood. Usually knock and super-knock occur
inside a small confined space towards the end of the
power stroke. In a closed and relatively small cham-
ber, propagation and reflection of pressure waves
from the chamber walls may strongly interact with
local end gas autoignition, leading to combustion
characteristics different from those in a large cham-
ber or open space. Therefore, understanding of au-
toignition and detonation development in a con-
fined space under engine-relevant conditions is of
fundamental interest.

A number of studies have been conducted to un-
derstand autoignition induced by thermal and/or
composition non-uniformity in reactive mixtures.
Zel'dovich et al. [9,10] first analyzed different
modes of autoignition front propagation caused by
reactivity gradient. Bradley and co-workers [11,12]
further investigated autoignition induced by a hot
spot and identified a detonation peninsula in the
plot of two non-dimensional parameters: the nor-
malized temperature gradient (£) and the ratio of
acoustic time to excitation time (¢). This deto-
nation peninsula was widely utilized in the stud-
ies on knock and super-knock [3,13-16]. Besides,
Liberman and co-workers [17,18] studied the com-
bustion regimes induced by initial temperature
gradient. They found that the temperature gradient
initiating a detonation predicted by detailed chem-
ical models greatly differs from that predicted us-
ing a one-step chemistry. Sow et al. [19] analyzed
the effects of thermal stratification in bulk end gas
on detonation development. In our recent publica-
tions [20-25], autoignition and detonation develop-
ment of large hydrocarbon fuels with negative tem-
perature coefficient (NTC) were investigated. It was
found that the low-temperature chemistry greatly
complicates the interaction between chemical reac-
tion and pressure wave and that both temperature
gradient (i.e. hot spot or cold spot) and concentra-
tion gradient can induce detonation development
under proper conditions.

Previous studies have been focused mainly on
the effects of local reactivity non-uniformity and
bulk mixture properties on end gas autoignition
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Fig. 1. Schematic of autoignition initiated by a hot spot
in iso-octane/air mixture inside a closed chamber.

and detonation development. However, only a few
studies considered the influence of pressure wave
propagation and reflection inside a small confined
space. Yu et al. [26,27], Pan et al. [28,29] and
Terashima et al. [30,31] investigated the interac-
tion between normal flame propagation, end gas
autoignition and pressure wave in a closed cham-
ber. However, the effects of wall reflection on au-
toignition and detonation development from local
reactivity non-uniformity have not been systemat-
ically investigated. The objectives of this study are
three-fold: (1) to investigate the transient autoigni-
tion process induced by a hot spot inside a small
closed chamber, (2) to quantitatively describe the
corresponding autoignition modes by using differ-
ent non-dimensional parameters, and (3) to assess
and interpret the effects of wall reflection and inves-
tigate the mechanism of extremely strong pressure
oscillation typical for super-knock.

2. Numerical model

As the main component of the primary refer-
ence fuel (PRF) for gasoline, iso-octane is consid-
ered in this study. The reduced PRF mechanism
[32] is used in simulations. Its performance in terms
of predicting autoignition and flame propagation
is demonstrated in the Supplemental Material and
Ref. [32].

We consider the 1D transient autoignition pro-
cess in the stoichiometric iso-octane/air mixture
initiated by a hot spot in an adiabatic, closed cham-
ber. In the present study turbulence is not consid-
ered. The initial conditions are shown in Fig. 1. The
initial hot spot is characterized by the linear tem-
perature distribution:

Tio + (x — x0)(dT /dx), for 0 < x < x¢

Tio forxo <x <L
1)

where x is spatial coordinate; x is the hot spot size

and L is the chamber length; (dT/dx); is the temper-
ature gradient within the hot spot, and 7; o =900 K

it = |
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is the initial temperature outside the hot spot. It is
noted that turbulence might greatly affect the au-
toignition process when the time scales of physical-
chemical processes are comparable with the Kol-
mogorov turbulent turnover time, which is beyond
the scope of the current work.

The transient autoignition process is simu-
lated using the in-house code A-SURF [21,33]
which solves the conservation equations for one-
dimensional, adiabatic, multi-component, reactive
flow using the finite volume method. A multi-level,
dynamically adaptive mesh refinement algorithm
is adopted to ensure adequate numerical resolu-
tion of the reaction zone, pressure/shock wave, and
detonation, which are always covered by the finest
mesh of 3.125 um. The time step is 3.125 x 10~ 105,
The total physical time considered in simulations
is around 4ms, which is long enough for clear
demonstration of the pressure oscillation at the end
wall. Details on the governing equations, numerical
scheme, and grid convergence can be found in Refs.
[20,21,24,33] and thereby are not repeated here.

3. Results and discussion
3.1. Typical autoignition cases

As shown in Fig. 1, there might be two types of
autoignition happening in a small chamber: (1) a
rightwards propagating autoignition front induced
by the hot spot, and (2) a leftwards propagating
autoignition front from the end wall induced by
shock/pressure wave reflection.

The autoignition front propagation initiated by
hot spot in large or open space has been extensively
studied [11,12,17,20-25]. According to the theory
of Zel’dovich [10], there is a critical temperature
gradient at which the autoignition front propaga-
tion speed, u,, is equal to the sound speed, «; and it
is defined as [11,12]:

(dT /dx), = (a(dt/dT;))™" )

where t is the ignition delay time (defined as the
time for maximum heat release rate). The values of
7, (dT/dx). and excitation time (z., defined as the
time interval between 5% and maximum heat re-
lease rate [11]) are shown in Fig. S2 in the Supple-
mental Material. The normalized temperature gra-
dient of the hot spot, &, is defined as [11,12]:

& =(dT/dx);/(dT/dx). ., (3)

where the subscript x¢/2 denotes that the value
of critical temperature gradient is evaluated at
x=2Xx0/2 in order to represent the average condi-
tion within the hot spot. The theoretical autoigni-
tion front propagation speed, u,, can thereby be ex-
pressed as [11,12]:

u, =alé )

The transient autoignition process at different
hot spot sizes (xg), temperature gradients (£) and
chamber lengths (L) is systematically investigated.
Nine typical cases are discussed below with the cor-
responding details summarized in Table S1 in the
Supplemental Material.

Figure 2 shows the autoignition processes for
three typical cases: case 1 (§=5.4, xy=5mm,
L=2cm) for reference, case 2 (§=5.4, xo=5mm
and L=1cm) with shorter chamber length, and
case 3 (6€=9.3, xo=5mm and L =2cm) with larger
&. S denotes the transient propagation speed of
the autoignition front. For autoignition initiated
by the hot spot, three modes occur sequentially
with the increase of & [22]: (I) supersonic reaction
front propagation, (II) detonation development,
and (III) subsonic reaction front propagation. For
cases 1 and 2 shown in Fig. 2(a) and (b), a detona-
tion wave develops inside the hot spot and thereby
they correspond to autoignition mode II. The det-
onation development is caused by strong coherent
coupling and mutual amplification between chemi-
cal reaction and pressure wave. On the other hand,
Fig. 2(c) shows that for higher value of &, a lead-
ing shock wave is generated ahead of the autoigni-
tion front, which is the result of weaker chemical-
acoustic interaction at reduced autoignition front
propagation speed (see Eq. (4)) [20,21]. The au-
toignition front behind the shock wave gradually
develops to a detonation wave due to the compres-
sion and heating of upstream mixture by the shock
wave. This autoignition mode was also observed in
Ref. [20,21] and it is referred as mode IIs (“s” de-
notes “shock wave”) in this study.

On the other hand, line #6 in Fig. 2(a) indi-
cates that autoignition occurs near the end wall be-
fore the arrival of the detonation wave and that
it produces a supersonic autoignition front prop-
agating to the left. This autoignition mode near the
end wall is thereby referred as W.A. (Wall Autoigni-
tion). The rightwards propagating detonation wave
quenches after encountering the leftwards propa-
gating autoignition front since all the reactants are
consumed; and it degenerates to a shock wave prop-
agating to the right (see lines #7-9 in Fig. 2a).

When the chamber length is reduced as in case 2,
no autoignition near the end wall is observed. This
is mainly because the time for the detonation wave
propagation is shorter than the autoignition time
near the end wall. This mode near the wall is hence
referred as W.N. (Wall with Non-autoignition). The
mode W.N. is also observed in case 3 with larger &.
Therefore, for both cases 2 and 3, the detonation
wave can reach the end wall and their shock wave
reflection is much stronger than that in case 1. This
is demonstrated in Fig. 3, which shows the tempo-
ral evolution of pressure at the end wall for cases 1,
2 and 3.

The pressure oscillation in Fig. 3 is caused
by the back-and-forth propagation of detona-
tion/shock/pressure waves in the closed chamber.
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Fig. 2. Temporal evolution of temperature and pressure profiles and transient autoignition front propagation speed, S, for
(a) case 1, (b) case 2, and (c) case 3. The arrows in the bottom sub-figures denote the propagation direction of autoignition
fronts. The horizontal dashed lines indicate the C-J detonation wave speed, Dc.j.

It is seen that the maximum pressure oscillation
amplitudes in cases 2 and 3 are much higher than
that in case 1. As shown in Fig. 2, this is because
the detonation waves in cases 2 and 3 directly hit
against the end wall and generate extremely high
pressure via reflection, while the detonation wave
in case 1 degenerates to a shock wave before reach-
ing the end wall. Therefore, a combination of mode
IT or IIs from the hot spot and mode W.N. near
the end wall results in the strongest pressure oscil-
lation and most severe damage to the engine cylin-
der. The extremely high pressure oscillation ampli-
tudes in cases 1, 2 and 3 are, respectively, around
270 atm, 1130 atm, and 780 atm, which may all cor-
respond to the super-knock phenomenon in SIEs.
It is noted that the pressure oscillation amplitudes
presented in this study are obtained through 1D
simulations, and thereby cannot be directly com-
pared with those in SIEs.

Figure 4 shows the autoignition processes in
case 4 (6=12.9, xp=5mm and L =2cm) and case
5 (§=14.6, xo=Smm and L=2cm) with further

increase in the value of &. It is observed that the
autoignition mode from the hot spot transits to
subsonic reaction front propagation with a lead-
ing shock wave, which is referred as mode IlIs
(“s” denotes “shock wave”). On the other hand,
the mixture near the end wall autoignites in both
cases 4 and 5 due to compression by the reflected
shock wave. However, while a leftwards propa-
gating supersonic autoignition front is generated
in case 4 (i.e. mode W.A.), a detonation wave is
formed from the end wall in case 5, which is referred
as mode W.D. (Wall Detonation). The detonation
wave quenches when it encounters the rightwards
propagating autoignition wave and degenerates to
a shock wave that propagates to the left in the burnt
mixture (see lines #9 and #10 in Fig. 4b).

Figure 5 shows the temporal evolution of pres-
sure at the end wall in cases 4 and 5. It is observed
that although a detonation wave is formed from the
end wall in case 5, the corresponding pressure os-
cillation amplitude is very close to that in case 4
without detonation development, which are both
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Fig. 3. Temporal evolution of pressure at the end wall for
(a) case 1, (b) case 2, and (c) case 3. The marked pressure
peaks correspond to: (i) autoignition near the end wall,
(ii) reflection of shock wave remaining from the quench-
ing detonation wave in Sub-figure (a); and (i) reflection
of detonation wave, (ii) reflection of shock wave remain-
ing from the quenching reflected detonation wave in Sub-
figures (b) and (c).

much lower than those in cases 1-3 with detonation
wave initiated from the hot spot. This is because
the leftwards propagating shock wave remaining
from the quenching detonation wave in case 5 has
to propagate forward and back through the cham-
ber before arriving at the end wall, which signifi-
cantly weakens its strength. Therefore, the detona-
tion wave generated from the end wall (i.e. mode
W.D.) may not cause damage as severe as the det-
onation wave from the hot spot (i.e. modes II and
IIs)

The autoignition process in case 6 (§=16.2,
xo=5mm and L=2cm) with further increased &
is shown in the Supplemental Material. It is noted
that the corresponding autoignition mode is essen-
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Fig. 5. Temporal evolution of pressure at the end wall for
(a) case 4 and (b) case 5. The marked pressure peaks cor-
respond to: (i) reflection of leading shock wave, (ii) au-
toignition near the end wall, (iii) reflection of pressure
wave formed by the autoignition front from the hot spot,
and (iv) reflection of shock waves respectively (a) formed
by the supersonic autoignition front from the end wall and
(b) remaining from the quenching detonation wave from
the end wall.

tially the same as that in case 4 (i.e. mode IIls &
W.A.) and a detonation wave is not developed. Be-
sides cases 1-6 with xo=5mm, we also consider
cases with smaller hot spot of xy=3.5mm, includ-
ing case 7 (§=5.4, L=2cm, mode II & W.A.), case
8 (6€=9.5, L=2cm, mode IIs & .W.A.), and case
9 (§=14.8, L=2cm, mode IIIs & W.A.). The cor-
responding autoignition processes are presented in
the Supplemental Material.

3.2. Map of various autoignition modes

The above results indicate that the autoignition
in a small chamber is essentially a combination of
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Fig. 4. Temporal evolution of temperature and pressure profiles and transient autoignition front propagation speed for

(a) case 4 and (b) case 5.
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the autoignition initiated by the hot spot and that
induced by the shock/pressure wave reflection on
the end wall.

For the autoignition from the hot spot, five
modes are sequentially identified with the increase
of &, namely: supersonic reaction front propaga-
tion (I), detonation development without leading
shock wave (II), detonation development with lead-
ing shock wave (IIs), subsonic reaction front propa-
gation with leading shock/pressure wave (I1Is), and
subsonic reaction front propagation without lead-
ing shock/pressure wave (III). Figure 6(a) shows
the corresponding regimes of these autoignition
modes in &-¢ diagram. The non-dimensional pa-
rameter, ¢, is defined as the ratio of the acoustic
time, xo/a, to the excitation time, 7, (i.e. e=x¢/(at.))
[11]. It is noted that the strength of the lead-
ing shock/pressure wave in regime IIIs decreases
with &. That is because the speed of the sub-
sonic reaction front decreases with increasing &
and thereby the coherent chemical-acoustic inter-
action is weakened. When £ is sufficiently large,
no shock/pressure wave is generated within the hot
spot and the autoignition mode transits from mode
IIIs to mode III.

On the other hand, three autoignition modes
are identified near the end wall, which are respec-
tively: autoignition with supersonic reaction front
propagation (W.A.), non-autoignition (W.N.), and
autoignition with detonation development (W.D.).
There are four important factors affecting the au-
toignition mode near the end wall:

(1) The time elapsed between the autoignition in
the hot spot and that at the end wall, which
can be represented by the difference between
0D ignition delay at the hot spot (x =0) and
that at the end wall (x = L):

&)

ATODZTOD, wall — TOD, hot spot

According to Egs. (1)—(3), we have

ATOD = (dr/dTb)(T},wa// - T;',hot .Y[!()I)
= (dt/dTo)dT /dx);xo

= (dt/dTo)(E(dT /dx))xo = §xo/a (6)

(2) The autoignition front from the hot spot
propagates to the end wall during time:

ta=L/S~ L/u, = L§/a (M

(3) The leading shock/pressure wave from the
hot spot propagates to the end wall during
time:

tW{[\’G ~ L/a

®)
(4) The strength of the leading shock/pressure

wave, Iu., Which is defined as the pressure
increase across the shock/pressure wave.

It is convenient to introduce a non-dimensional
parameter,

0 = L/xo ©)

to characterize the interplay between the length
scales L and x, as well as that between the time
scales 7, and Atgp. Substituting Egs. (6) and
(7) into (9) yields

0 = (L&/a)/(Exo/a) ~ ta/ ATop (10)

Figure 6(b) shows the autoignition regimes near
the end wall in £-6 diagram. Note that the £-0 di-
agram might be affected by the fuel type and ther-
mal conditions, which deserves further studies. The
transition of autoignition modes with increasing &
for cases 1, 3-6 is explained below.

(1) The transition from mode W.A. to W.N. and
W.N. to WA. for £<13 is a result of compe-
tition between increasing Atop and #,. When
& is relatively small, the increase of & leads to
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a longer Atop (see Eq. (6)) which dominates
and delays the autoignition near the end wall
relative to that in the hot spot. Therefore,
the autoignition transits from mode W.A. in
case 1 to mode W.N. in case 3. However,
with further increase of &, the autoignition
mode from the hot spot changes from det-
onation development to subsonic reaction
front propagation with leading shock wave.
Therefore, the mixture near the end wall gets
compressed first by the reflected shock wave
when ¢, exceeds 7,4, and autoignition oc-
curs before the arrival of the reaction front
from the hot spot if ¢z, is sufficiently long.
In other words, at relatively large &, the ef-
fect of increasing ¢, with & dominates, which
gives more time for autoignition of the mix-
ture near the end wall due to the reflected
shock wave. This leads to further transition
from mode W.N. in case 3 to mode W.A. in
case 4.

(2) The transition from mode W.A. to W.D. and
W.D. to WA. for £>13 is a result of com-
petition between increasing ¢, and decreasing
I,4... At the beginning, an increase in & leads
to further increase in 7, so that the autoigni-
tion front initiated from the end wall has
more time to form a detonation wave behind
the reflected shock/pressure wave. Therefore,
the autoignition mode transits from W.A. in
case 4 to W.D. in case 5. However, when
& further increases, the strength of leading
shock/pressure wave, I,,,., decreases to the
extent that the reflected shock/pressure wave
from the wall can no longer initiate a detona-
tion wave. Therefore, the autoignition mode
transits from W.D. in case 5 to W.A. in case
6.

According to Eq. (10), lower value of 6 implies
less time needed for the autoignition front from the
hot spot to propagate to the end wall (i.e. shorter
t,) or longer time for the mixture near the end wall
to autoignite after the hot spot autoignition (i.e.
longer Atgp), either of which reduces the tendency
of autoignition near the end wall and is favorable to
mode W.N. Therefore, the regime of mode W.N. ex-
pands with decreasing 6 and lies within a reversed
C-shaped curve in £-6 diagram.

As for mode W.D., according to Egs. (6) and (8),
the ratio between the time scales Atgp and ¢,y 1S:

A.[OD/l‘wuve ~ (EXO/CI)/(L/Q) = “;:/0 (1 1)

Higher value of (Atop/t,a.) indicates that either
the autoignition front initiated from the end wall
has more time to form detonation wave before ther-
mal explosion throughout the chamber (i.e. longer
Atop) or the mixture near the end wall is earlier
compressed by the reflected shock/pressure wave
(i.e. shorter #,,4,.). Therefore, increase of (£/0) pro-
motes detonation development from the end wall,

which implies that the slope of the lower limit of
W.D. regime is positive in £-0 diagram.

On the other hand, either smaller x (i.e., larger
0,see Eq. (9)) or larger &€ around W.D. regime weak-
ens the chemical-acoustic interaction within the hot
spot and thereby leads to lower strength of lead-
ing shock/pressure wave, I,,,., which reduces the
tendency of detonation development from the end
wall. Therefore, the slope of the upper limit of W.D.
regime is negative. Summarizing, W.D. regime lies
within a reversed C-shaped curve in -6 diagram.

Figure 6 provides a fundamental insight into
the conditions for various autoignition modes in-
duced by hot spot in a small chamber and those for
super-knock in ICEs, which can be quantitatively
described in &-¢ and £-0 diagrams. It is noted that
the strongest pressure oscillation occurs in modes
II & W.N. and IIs & W.N. (e.g. cases 2 and 3
with the maximum pressure oscillation amplitudes
above 750 atm), which correspond to the detona-
tion wave from the hot spot directly hitting the end
wall. Besides, modes II and IIs with detonation de-
velopment from the hot spot (e.g. cases 1,2, 3, 7 and
8 with the maximum pressure oscillation ampli-
tudes above 200 atm) may cause super-knock while
mode W.D. with detonation development from the
end wall (e.g. case 5) can hardly produce pres-
sure oscillation strong enough for super-knock. It
is noted that one-dimensional case is considered
here and the multi-dimensional effects are not in-
cluded. Therefore there is no Mach stem or triple
point which can lead to extreme pressure oscilla-
tion near wall. In a real engine, autoignition near
the end wall may initiate detonation wave propagat-
ing along the wall and cause strong pressure oscil-
lation at adjacent walls. Therefore, as an extension
of the present work, it would be interesting to take
into account the multi-dimensional effects in future
works. It is also emphasized that the correspon-
dence between the autoignition modes from the hot
spot (see Fig. 6a) and those near the end wall (see
Fig. 6b) is not limited by the cases discussed in
this study. The autoignition regimes in &-¢ and &-
0 diagrams may quantitatively depend on different
factors including the initial temperature and pres-
sure, mixture composition, hot spot (size, tempera-
ture gradient), chamber size, and chamber geome-
try (planar, cylindrical or spherical), which deserves
further investigation. Besides, it is expected that the
wall reflection effects are similar, at least qualita-
tively, for different fuels. More realistic fuel models
such as PRF and TRF need to be considered in fu-
ture works.

4. Conclusions

The 1D transient autoignition process initiated
by a hot spot in a stoichiometric iso-octane/air
mixture inside a small closed chamber is numer-
ically investigated considering detailed chemistry
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and transport. The effects of shock/pressure wave
propagation and reflection on the end wall are sys-
tematically investigated. It is found that the au-
toignition in a small chamber consists of two parts,
i.e., (1) the rightwards propagating autoignition
front initiated by the hot spot, and (2) the leftwards
propagating autoignition front from the end wall
induced by the shock/pressure wave reflection. Five
autoignition modes from the hot spot are identi-
fied and quantitatively described in &-¢ diagram.
Three autoignition modes from the end wall includ-
ing detonation development are also identified. A
new non-dimensional parameter, 6, is introduced
to quantify the interplay between different length
and time scales. The autoignition modes from the
end wall are quantified in &£-6 diagram. A combi-
nation of &-¢ and £-0 diagrams gives a quantitative
prediction of autoignition modes caused by a hot
spotin a small closed chamber. Besides, it is demon-
strated using 1D simulation that detonation devel-
oped from the hot spot may cause super-knock
while detonation developed from the end wall can
hardly produce pressure oscillation strong enough
for super-knock. Obviously, the one-dimensional
simulation used in the present work cannot ac-
count multi-dimensional effects. To clarify this is-
sue further research will be required. Mechanisms
of different autoignition modes can be interpreted
with the help of &-¢ and &£-6 diagrams. Neverthe-
less, further investigation on the influence of initial
conditions and fuels on the autoignition regimes
in &-¢ and £-6 diagrams is still needed. Besides,
mixture composition effects including stratifica-
tion [23,25] and fuel-lean and diluted conditions
[24] were found to greatly affect the autoignition
characteristics. Therefore, further studies for mix-
tures at different equivalence ratios and dilutions
are needed.
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