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ABSTRACT

Using 15 LES cycles of a high load/low speed spark ignition engine operating point, two different fresh
gases autoignition regimes called knock and super-knock are analyzed. A direct “a posteriori” analysis
of pressure waves and autoignition heat release observed in LES is proposed. It reveals that low to mod-
erate knock intensity, corresponding to late spark timings (ST) is characterized by one or several random
autoignition (AI) spots which consume the surrounding fresh gases without coupling with the Al heat
release. On the contrary, the highest knock intensities correspond to what is usually called super-knock,
a very intense knock observed under pre-ignition conditions or for very early ST, as done in this study. LES
shows that the pressure waves generated by one or a couple of Al spots are strong enough to induce
locally a strong fresh gases temperature increase leading itself to a substantial decrease of the Al delay.
This allows to generate a coupling between the pressure wave and the Al reaction rate which reinforce
each other, leading to maximum pressures and propagation speeds close to those of a detonation.
These results therefore strongly support the hypothesis proposed in the literature that super-knock is
characterized by a deflagration to detonation transition (DDT). An “a priori” analysis is also performed
thanks to the use of a local detonation indicator based on Bradley’s DDT diagram. It is shown that this
tool not only predicts the change of combustion regime as a function of the ST, but it also roughly suc-
ceeds in predicting the location and time of appearance of the DDT in the chamber. Unfortunately, the
first Al spot is not always responsible for the DDT, implying that using cold flow LES to calculate the
detonation indicator instead of a reacting LES as proposed here, would lead to a failure of the indicator
in many cases.
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1. Introduction

In the last decade, downsized spark ignition (SI) engines run-
ning under high loads have become more and more attractive for
car manufacturers because of their increased thermal efficiency
and lower CO, emissions. However, high loads also induce more
severe thermodynamic conditions in the cylinder, promoting the
occurrence of abnormal combustion phenomena like knock or
super-knock.

In a normal cycle, a premixed flame is generated at spark timing
(ST) by the spark plug, and its propagation leads to an increase of
pressure and temperature of the end gases that are located
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between the premixed flame front and the cylinder walls. In the
case of knock, the autoignition (Al) delay is short enough in part
of these fresh gases to allow Al prior to the complete consumption
of the fresh gases by the premixed flame. Knock therefore highly
depends on the premixed flame combustion velocity as well as
on species composition and temperature fluctuations in the cylin-
der, which all influence the autoignition delays, making knock a
recurrent but non-cyclic phenomenon. The experimental study of
such phenomenon is difficult but some attempts are available in
the literature [1]. On the other hand, pre-ignition, also called LSPI
(Low Speed Pre-Ignition) [2] corresponds to the autoignition of a
fresh gases spot before ST that acts as a spark plug itself, leading
to the creation of a premixed flame before ST. A pre-ignition cycle
can be schematically understood as a cycle experiencing a very
early ST as experimentally shown in [2]. As the premixed flame
develops earlier in a pre-igniting cycle (or with a very early ST),
autoignition of the end gas is often observed, but not
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systematically [3,4]. If this autoignition event is weak, it is similar
to knock under standard spark ignition, this is why it is still called
knock. On the contrary, extremely strong autoignitions can be
observed at a very low frequency, leading to a fast and intense
pressure rise [2-4]. Physically, this means that a large amount of
fresh gases autoignites suddenly, leading to extreme pressure
levels reaching several hundred bars. These extreme knock events
are called super-knock.

Flame speeds between 1 and 2 km/s were measured in some
specific super-knock operating conditions [5,6], which are at least
two orders of magnitude larger than the turbulent premixed flame
speed. Besides, the pressure levels recorded by pressure transduc-
ers indicate that the pressure rise can be sometimes larger than the
constant volume pressure increase observed in a homogeneous
autoignition [4]. These observations suggest that super-knock is
characterized by a deflagration to detonation transition (DDT). As
super-knock causes the rapid destruction of the engine, and is
extremely fast (a couple of crank angle degrees (CAD)), a detailed
experimental investigation is nearly impossible.

This motivated the use of CFD for better understanding knock
and super-knock. RANS simulations were used to predict and
understand the occurrence of knock [7-9] and super-knock [10].
However the RANS approach is limited to the description of the
mean cycle, which is not necessarily subjected to knock or
super-knock because of their sporadic nature. New approaches
have been developed for the study of DDT in piston engines
thanks to the use of probability functions to extract knock statis-
tics from RANS simulations [11,12]. A direct analysis of DDT still
remains difficult to achieve in RANS because all variables corre-
spond to a mean engine cycle which does not provide local
time-resolved informations.

Large Eddy Simulation (LES) appears as an attractive alternative
because it allows the simulation of individual cycles, thus repro-
ducing the sporadicity of abnormal combustions. Our recent study
[13] shows that LES can capture knock characteristics (frequency of
occurence, intensity) over a wide range of ST. In addition, an expo-
nential increase of knock intensity was observed at the earliest ST,
suggesting the occurence of a DDT as previously mentioned but
without clear evidence.

The present paper focuses on the mechanisms leading to deto-
nation, when going from standard knock to super-knock, using LES
for a high load/low speed operating point presented in [13]. The
LES models employed and knock statistics obtained for this operat-
ing point are briefly presented in Section 2 along with comparisons
to experimental data.

A first a priori analysis is performed in Section 3 applying the
theoretical DDT indicator proposed by Bradley and coworkers
[14-17] to LES fields. Then, an a posteriori analysis of the existence
of a DDT is performed in Section 4 using the pressure waves and
autoignition heat release from the LES fields. Three operating
points with ST representative of moderate, strong and super-knock
are analyzed using different cycles to highlight the large cycle-
to-cycle variability of autoignition phenomena in piston engines.

2. Quantification of knock using LES
2.1. LES model and solver

The AVBP compressible and reactive LES solver co-developed by
IFPEN and CERFACS [18] was used in this study. The premixed tur-
bulent flame is described by the flame surface density model
ECFM-LES [19] and the spark ignition model ISSIM [20]. Focusing
on mesh resolution, the cell size is close to 0.8 mm in the combus-
tion chamber almost over the whole cycle. Indeed, during combus-
tion, the cell size is of the order of 0.2 mm around the spark plug
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Fig. 1. Fresh gases temperature field (a) and estimated temperature fluctuations
[22] (b) at an instant close to the autoignition start.

and 0.5 mm in the rest of the chamber. With such a mesh resolu-
tion, previous studies [13,19] have shown that the bimodal
description of the ECFM model coupled to a flame surface density
equation, allows to describe the premixed flame accurately.

The autoignition reaction rate is given by the tabulated
autoignition model TKI (Tabulated Kinetics of Ignition) [21]. A uni-
form mixture state is assumed in the autoigniting zone (see [13]
for a description of the autoigniting zone). This hypothesis is justi-
fied by the fact that mixture fraction is constant and that fresh
gases temperature fluctuations are relatively small: using an alge-
braic expression [22] based on LES fresh gases temperature field
(Fig. 1a), fluctuations are estimated below 8 K (Fig. 1b). Local
autoignition without propagation is consequently considered well
resolved by the LES.

First simulations performed with both ECFM-LES and TKI [23]
showed that the premixed flame and autoignition phenomena
were not fully decoupled. This is why the present LES were per-
formed with improved versions of ECFM-LES, ISSIM and TKI mod-
els proposed in [13]. In this version, the autoignition and flame
propagation are described by two independent progress variables
Cqsi and Cy that allow a full decoupling of both phenomena. The
interested reader will find the details of this improved version
in [13].

In the case of a transition from deflagration to detonation, a
stiff autoigniting front develops whose thickness can be as thin
as a few molecular free pathes. It cannot be resolved by any pis-
ton engine LES of reasonable mesh resolution. At the same time, a
detonation follows jump conditions like a shock which are given
by Chapman-Jouguet relations. As these jump conditions are nat-
urally described by Navier Stokes equations, it can be expected
that the present LES correctly reproduce the transition to
detonation.



2.2. Knock statistics from LES

The operating point computed here corresponds to the high
load/low speed operating point of [13], summarized in Table 1.

A spark timing sweep has been simulated using LES for seven
different spark timings. Performing a multi-cycle simulation for
each ST would represent 105 cycles (15 cycles per ST), which is
quite expensive in the perspective of an industrial usage of LES.
Considering that the flow and combustion of a given cycle have
a low impact on the following cycle in SI 4-stroke engines [19]
due to the uncoupling of intake and exhaust phases, we propose
a specific strategy to limit the CPU time. As the different ST sim-
ulated have the same operating conditions (in terms of engine
speed and load), we consider that the 15 LES consecutive cycles
with the reference ST provide independent initial conditions
(corresponding to fields of velocity, energy and mass fraction at
ST CAD) for the other ST. This way, only the combustion phases
of each cycle are simulated by just changing the ST. CPU time
is then reduced by more than twice, which makes the ST varia-
tion much cheaper.

For all these ST, it was shown [13] that LES is able to capture
the in-cylinder pressure envelope recorded at the cylinder head,
as illustrated in Fig. 2 for a ST of 6 CAD. The 15 LES cycles (black)
agree well with the 500 experimental cycles (brown?) in terms of
pressure level and knock occurrence as pressure oscillations char-
acterizing this phenomenon are only present for cycles presenting
a fast propagative combustion (i.e. cycles in the upper part of the
pressure envelope). It is important to notice that the cycle-to-cycle
variations are only due to the intermittency of turbulence in the
combustion chamber from one cycle to the other, as already
observed on a different engine in Vermorel et al. [19]. LES and
experiment also agree in terms of the angle of knock appearance
and the percentage of knock occurrence at all ST values.

The maximum knock intensity is presented in Fig. 3a for the
experimentally available ST. This intensity is calculated both for
experiments and LES using a numerical filtering algorithm of the
local in-cylinder pressure signal:

e Only the combustion stroke pressure signal is considered for the
analysis.

e A filtering is applied on the characteristic range of knock
frequencies [5-9 kHz] using a high pass and a low pass
Butterworth filter [25].

e The obtained signal is then rectified and post-processed using a
low-pass filter.

o Finally, the knock intensity is given by the maximum of the pre-
viously filtered signals for each cycle, it is thus expressed as a
pressure variation in bars.

LES predicts correct levels of maximum intensities, and cap-
tures the intensity increase as the spark timing decreases.
Figure 3b presents the same quantity for all the spark timings com-
puted in LES. When the spark timing occurs before Top Dead
Center (bTDC), an exponential increase of the maximum intensity
is observed, which suggests complex combustion behavior. This
phenomenon is well known, but still misunderstood.

Engine manufacturers are used to correlate knock intensity
with the Burned Mass Fraction (BMF) by autoignition [26,27], using
a linear relationship between these two quantities. The same anal-
ysis is carried out here using the LES results, and Fig. 4 presents the
evolution of the maximum knock intensity against the percentage
of mass burned by Al. The linear correlation is confirmed by LES,

2 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.

Table 1
Engine features and operating conditions.

Engine features

Single cylinder

Cylinder capacity (cm?) 400
Dead volume (cm?) 42.2
Bore (mm) 77
Stroke (mm) 85.8
Conrod (mm) 132.2
Compression ratio 10.64
Operating point Knock
RPM (r/min) 1800
IMEP (bar) 19
Intake pressure (bar) 1.802
Intake temperature (K) 308.05

Spark timings
Fuel
Chemical mechanism for TKI table

—4 CAD to 15 CAD aTDC
Isooctane
Jerzembeck [24]

In-cylinder pressure [bar]

0 10 20 30 40 50 60
Crank angle [CAD]

Fig. 2. Local in-cylinder pressure with a spark ignition at 6 CAD aTDC [13].
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Fig. 3. Maximum intensity of knocking cycles on the spark timing sweep [13].
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with a knock intensity proportional to the mass burned by Al
below a knock intensity of 4.5 bar. However, LES shows a second
regime at the earliest ST, which is characterized by a faster increase
of the knock intensity. For the present conditions, this regime
appears approximately for ST at and before Top Dead Center
(bTDC).

2.3. Definition of the knock regimes

Based on Figs. 3 and 4, three levels of knock intensity can be
identified as proposed in Table 2. The latest ST leads to a low knock
intensity which is qualified as “trace to moderate knock”, and
roughly corresponds to the maximum acceptable knock level in a
production SI engine. Another regime is qualified as “strong knock”
for cases with a maximum intensity comprised between 1 and 5
bars, and a knock frequency around 50%. This regime extends from
ST =6 to 0 CAD after Top Dead Center (aTDC). ST at TDC therefore
corresponds to a threshold point between the strong knock regime
and the third one. In this last regime, corresponding to ST of 2 and
4 CAD bTDC, the premixed flame propagation happens very early in
the cycle and is followed by the most intense knock events. As dis-
cussed in the introduction, these features are characteristic of a
pre-ignition followed by super-knock, although here they are not
obtained through a pre-ignition of a fresh gases hot spot, but
through a very early ST, as experimentally done by Amann et al.
[2]. This last regime is consequently called 'super-knock” regime.

3. Deflagration to detonation transition analysis using Bradley’s
diagram

Several authors in the literature have discussed the possible rela-
tion between strong knock events and deflagration to detonation
transition (DDT) in super-charged SI engines [11,12,14,15,28,29].
The strong increase of knock intensity at the earliest ST could be
explained by such a transition, leading locally to very high pressure
levels in the combustion chamber. However, this statement has
never been demonstrated as it is a high frequency phenomenon dif-
ficult to visualize in a real engine test bench, and numerical tools
like RANS were not able to represent it.

Based on the LES results of Robert et al. [13], an a priori analysis
of DDT using Bradley’s diagram [14] is proposed here.

3.1. Bradley’s theory on DDT

According to Zel'dovich classification of combustion regimes
[30], two conditions seem to be necessary to initiate a coupling
between pressure waves and an Al front: a smooth temperature
gradient in the fresh gases surrounding the initial Al spot, and an
Al propagation velocity close to the sound speed. Based on these
observations, Bradley and Morley [14| proposed two parameters
representing the coupling conditions of a DDT. The first parameter
¢ is given by:

l/a

€= T, )
with [ the length over which the temperature gradient is considered
as constant. In the present LES, [ is fixed as a first approximation
equal to 1 cm thanks to a priori visualizations of instantaneous
LES temperature fields at the Al start timing. As will be shown
below, even if | is not known with good accuracy, a qualitative
exploitation of Bradley’s diagram is still possible. “a” is the sound
speed and 7. the excitation time which represents the time to go
from 5% to the maximal heat release. In LES, the excitation time is
computed using the inverse of the maximum of the Al reaction rate
extracted from the TKI table at the thermodynamic conditions con-
sidered. This non-dimensional parameter ¢ compares the time for
the pressure wave to travel for a distance I to the excitation time.
It allows to determine if the Al can feed the pressure wave and lead
to an increase of its amplitude.

A second non-dimensional parameter ¢ is proposed to compare
the Al and pressure wave propagation velocities. These two veloc-
ities have to be of the same order to expect that a coupling mech-
anism takes place. The Al velocity is defined as the inverse of a

delay gradient 25, and the parameter ¢ is expressed as:

. a ot

c=y= a& (2)
where u is the apparent autoignition propagation speed. In the orig-
inal analysis of Bradley, u~! = 2t is calculated as the derivative of the
complete Al delay from c,; = 0 and c,; = 1. In the present LES calcu-
lations, a more accurate expression is used, considering the delay
between the current value of ¢, at the point considered and the
value ¢, = 0.5.

Based on these two parameters, Bradley and Morley [14] pro-
posed a (¢, ¢) diagram to locate the developing detonation penin-
sula. As seen in Fig. 5a, three regimes can be established. In the
deflagration zone (¢ > ¢&,), a classical flame propagation is
observed, and no coupling occurs with the pressure wave. In the
thermal explosion zone (0 < ¢ < &), all fresh gases remaining in
the combustion chamber autoignite at the same time due to a neg-
ligible temperature gradient. Finally in the developing detonation
zone (& < &< &), a coupling between pressure waves and
autoignition is observed, that is, a DDT can be observed. This dia-
gram is now applied to the LES presented in the previous chapter,
using the approximated expressions of ¢ and &, given by Peters
etal. [12].

3.2. Application to the LES cycles

The values of ¢ and ¢ calculated at various grid points of the
above LES are placed on Bradley’s diagram in Fig. 5 for different

Table 2

Classification of knock intensity for the several ST of the chosen engine configuration.
Spark timing -4 -2 0 6 8 10
Knock Super-knock Strong knock Trace/moderate knock
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Fig. 5. Scatterplot of grid nodes close to autoignite in the detonation diagram.

ST. For each ST, the values are displayed over the whole 15
combustion strokes but to improve the readability of the figure,
only grid points which are close to the autoignition delay (i.e.
points with an Al progress variable ¢, comprised between 0.1
and 0.9) are represented. This selection criterion allows to sup-
press points which are not autoigniting (¢, < 0.1) and points
where Al is already over (c,; >0.9). At ST=8 CAD aTDC
(Fig. 5a), only a few points appear in the graph meaning that
only a very small fraction of the fresh gases volume is close
to autoignite in the cylinder. In addition, these nodes are clearly
in the deflagration zone.

Figure 5b confirms that the ST at TDC is a transitional point. A
higher number of points are close to autoignite, and some of them
are in the transition zone between deflagration and detonation.
The tendency of moving from deflagration to detonation zones
when ST decreases is confirmed by Fig. 5c and d, which are respec-
tively at ST=2 and 4 CAD bTDC. When ST decreases more and
more grid points are close to Al, and the large amount of points
located in the detonation zone for ST =4 CAD bTDC confirms that
a DDT could be responsible for the high knock intensities recorded
at this ST.

Based on Bradley’s theory, the diagrams of Fig. 5 give an a priori
overview of the possible existence of a DDT which seems in good
agreement with the evolution of knock intensity with ST. This
agreement is in our opinion largely due to the usage of LES fields
to compute parameter ¢: in LES, the spatial gradient of the delay
is computed from the composition and temperature field of a real
cycle while in RANS, it becomes extremely difficult to decorrelate

which part of the temperature gradient is due to cycle-to-cycle
fluctuations (which should not enter in the calculation of the two
parameters) and which part is due to spatial gradients. The situa-
tion is even worse in the experiment where it is extremely difficult
to measure a three dimensional temperature field.

Unlike ¢, ¢ is not known precisely as the length scale [ (see Eq.
(1)) is assumed constant. At the same time, if [ is divided by a
factor two (going from 1cm to 0.5cm), many points would
remain in the detonation peninsula, i.e., the interpretation of
the diagram would remain essentially identical. Consequently,
the essential information that should be considered is not the
exact position on the ¢ axis, but the amplitude of the displace-
ment towards the right of the diagram, from the deflagration
to the detonation zone. This shows that such a diagram can pre-
dict the global transition towards the DDT region, but its accu-
racy is too limited to quantitatively predict the ST at which
this transition will occur. For this reason, a direct analysis is
proposed in the next section.

4. Direct analysis of interactions between autoignition spots
and pressure waves

The previous section has shown that DDT conditions could pos-
sibly be encountered at the earliest ST using a theoretical criterion.
But this criterion remains “a priori” because it does not prove the
existence of the DDT, and it is based on strong assumptions whose
validity might be questionable under piston engine conditions. The
main limitations are listed below:



e As discussed in the previous section, [ is difficult to estimate.
Peters et al. [12] proposed a sophisticated method to calculate
[ for their DNS, but it would greatly increase the CPU cost of
LES.

e The limits of the detonation peninsula are not universal and
should only be considered as transition regions from one regime
to the other. Profiles are based on equi-mole CO-H,
calculations, and Rudloff et al. [28] showed that the chemical
mechanism used to solve chemistry can have a non-negligible
impact especially on the estimation of the & parameter.

e As shown below, the pressure wave/heat release interaction
takes place in a complex 3D field, which is far from the
hypothesis of a 1D DNS used to compute the diagram of
Bradley.

e As shown below, the first Al spot is not necessarily responsible
for the DDT. It happens that a first Al spot can trigger, due to the
pressure it generates, a secondary spot which will be responsi-
ble for the DDT. This means that extracting ¢ and ¢ from a cold
flow LES will not necessarily allow a correct prediction of DDTs.
In other words, the present success of Bradley’s diagram to
predict DDT is also partly due to the fact that it is based on a
reactive LES that already provides explicitly the pressure
wave/heat release interactions.

However, independently from this criterion, the simultaneous
calculation of the premixed flame propagation with ECFM-LES
and autoignition with TKI-LES allows a direct analysis of the inter-
actions between pressure waves and Al heat release. Such an anal-
ysis can be used to confirm the occurence of DDT, and the
applicability of Bradley’s theory to knocking combustion in practi-
cal applications.

This section therefore proposes to directly visualize the pres-
sure waves in the combustion chamber and their interactions with
Al spots. Based on Table 2, three cases with different ST (4 CAD
bTDC, 0 and 8 CAD aTDC) are presented, giving an overview of
the possible interactions during moderate, strong and super-knock
cycles. For each case, two cycles are analyzed thanks to observa-
tions performed every 0.02 CAD (or 1.85 pis). Pressure waves are
tracked on a horizontal plane thanks to the visualization of the
local pressure difference relative to the mean chamber pressure
(and called AP afterwards).

In order to evaluate the ability of Bradley’s parameters to locate
in space and time the occurence of a DDT, we need to visualize
simultaneously the two parameters ¢ and ¢ on 2D planes, which
is not an easy task. For this reason, a detonation indicator called
R is proposed in this study (Eq. (5)). It is defined as the product
of two efficiency functions #, and #,, as defined in Egs. (3) and
(4) respectively. These functions are themselves built to equal
unity in the DDT peninsula, which is defined approximately by
e > 10 and 5 < ¢ < 40, and zero elsewhere:

n, = %(tanh(s -10)+1) (3)
n.= %(tanh(é —5) — tanh(¢ — 40)) (4)
R= ’7317;“ (5)

4.1. Moderate knock

In this section, a single cycle (cycle 6) is detailed in terms of
pressure/autoignition waves interactions. Figure 6 presents its
pressure trace at the location of the experimental pressure sensor,
the burned mass fraction and the total fuel reaction rate from the
premixed flame and from autoignition. The three quantities indi-
cate that combustion starts in a purely propagative mode. For
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Fig. 6. Burned mass fraction, local in-cylinder pressure and reaction rate evolutions
for the LES cycles 6 and 7 at the ST =8 CAD aTDC.

comparison, another cycle, cycle 7, is also presented, showing a
faster propagation. The fuel reaction rate by autoignition becomes
non negligible after 20 CAD aTDC for both cycles, but it still corre-
sponds to very small values of the progress variable c,; in this per-
iod. The formation of a burned gases spot by autoignition (¢, = 1)
corresponds to the Al reaction rate peak observed at 31.3 CAD for
cycle 6 and at 34.6 CAD for cycle 7. The reaction rate peak is also
more intense for cycle 6, as confirmed by the larger pressure fluc-
tuations observed for this cycle. Although cycle 6 presents a more
intense knock compared to cycle 7, in both cases the pressure fluc-
tuations are limited to a few bars which corresponds to a trace to
moderate knock.
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4.1.1. Analysis of cycle 6

The formulation used to express independently the two pro-
gress variables ¢y for ECFM-LES and c; for TKI-LES allows to follow
the premixed flame propagation and the autoignition spot devel-
opment using isosurfaces of the progress variables cs (yellow/
red) and c,; (black). Figure 7 shows the evolution of these two phe-
nomena from spark ignition to the end of Al. After sparking, the
premixed flame grows normally in the chamber (Fig. 7a-c). The
first Al spot appears at 32 CAD aTDC (Fig. 7d), when a large part
of the fuel has been consumed by the propagative flame confirming
the value of about 80% of burned mass fraction at this instant
(Fig. 6a). This Al spot consumes the pocket of fresh gases that sur-
rounds it, and vanishes at 35 CAD aTDC (Fig. 7h) with a propaga-
tion zone limited to a few centimeters around the initial location.
The remaining fresh gases are consumed by the premixed flame.

The previous analysis points out that no coupling between pre-
mixed flame propagation and Al takes place during this cycle, and
that only local Al spots can be observed. To better analyze the
underlying physics, Fig. 8 presents the local pressure fluctuation
AP = P(X) — Pcpamper (left column), the fresh gases temperature
(middle) and the Al delay (right column) evolutions for instants
where a premixed flame and Al spots coexist in the combustion
chamber. The premixed flame position is followed thanks to an iso-
line of the progress variable cs (red), whereas the Al front is local-
ized using an isoline of the Al progress variable c,; (black). Looking
at the pressure evolution over time (left column), pressure waves
are generated by an Al spot at 32 CAD aTDC (Fig. 8a), and are
reflected against the wall of the combustion chamber (Fig. 8b-d).
These pressure fluctuations are very limited in magnitude (of the

order of 1 bar), and correspond to the pressure signal fluctuations
recorded by the pressure sensor at the cylinder head (Fig. 6b).
Looking at the fresh gases temperature and Al delay, Fig. 8a shows
that Al starts in the region where the fresh gases temperature is the
highest, and increases their temperature by about 15 K. However,
Fig. 8a-d confirm that the pressure wave propagation leads to a
very limited increase of the fresh gases temperature, which is not
sufficient to lower significantly the autoignition delay which
remains close to 5 CAD. This explains why Al remains located close
to the initial spot.

The detonation indicator R remains equal to zero in the whole
chamber and at any time (not presented here). For this case, no
coupling is detected, in coherence with the above direct visualiza-
tion and with the scatter plots of Fig. 5a. In conclusion, both tools
confirm that this cycle is in the deflagration zone. Al spot emits a
pressure wave which travels in the cylinder quicker than the Al
front, but its limited amplitude does not reduce the Al delay suffi-
ciently to ensure a rapid propagation of an autoignition front, and
the occurrence of a DDT.

4.1.2. Conclusions for a spark timing at 8 CAD aTDC

Other cycles at this ST were analyzed and presented the same
scenario with one or several Al spots as for cycle 6. It can be con-
cluded that although cyclic variability leads to fluctuations in the
premixed flame propagation speed, angle of knock onset and knock
intensity, all cycles present a low level of pressure fluctuations and
no coupling between the generated pressure waves and autoigni-
tion. These conclusions confirm the a priori observations drawn
using the graph representing the maximal intensity versus burned
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mass fraction by Al (Fig. 4) and the scatter plots in Bradley’s dia-
gram (Fig. 5). Finally, the proposed detonation indicator remains
equal to zero for all cycles, in agreement with Bradley’s diagram.

4.2. Transition from strong knock to super-knock

The operating point where spark timing takes place at TDC is
now analyzed. For this regime, knock is expected. Two LES

cycles are selected among the fifteen available (cycles 6 and
8), and the combustion development is compared using the
burned mass fraction (Fig. 9a), the local in-cylinder pressure
sensor (Fig. 9b), and the fuel reaction rate (Fig. 9¢). These figures
show that cycle 6 presents a faster premixed flame combustion
compared to cycle 8. The knock onset is also observed earlier for
cycle 6 (at 18.6 CAD aTDC) compared to cycle 8 (at 23.7 CAD
aTDC). As the autoignition peak reaction rate is approximately
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eight times larger than at ST=8 CAD aTDC, a rapid increase in
the slope of the burned mass fraction at knock onset is more
clearly observed for this case. The local in-cylinder pressure
(Fig. 9b) confirms the difference of combustion velocity between
these two cycles, with faster pressure rise for cycle 6. The inten-
sity of knock also seems larger for cycle 6, with pressure
oscillations of the order of 20-30 bars. An analysis is now
proposed to investigate the correlation between the local
pressure and heat release rate.

4.2.1. Analysis of cycle 6
Figure 10 presents the AP evolution on the horizontal plane
during the Al sequence. The black line plotted on the AP fields

represents an isoline of the Al progress variable which allows to
locate Al spots. An isoline of the premixed flame progress variable
(red) allows to follow the flame position.

At +19 CAD aTDC, the first Al spot starts in the upper right part
of the combustion chamber (region A in Fig. 10a). A wave of a few
bars amplitude is emitted and reflected on the chamber walls
without coupling to the Al front. One CAD later, a second Al spot
occurs (region B in Fig. 10b), still without coupling. After con-
sumption of this spot, the combustion chamber presents no Al
spots at 20.5 CAD aTDC (Fig. 10c). However one CAD later, at
21.5 CAD, a new Al spot appears in the bottom left part of the
cut plane (region C in Fig. 10d). A particular attention should
be paid to the image timing, because after Fig. 10d, the timing
between two images is reduced to 0.1 CAD as Al propagates
quickly in the chamber. An increase of the pressure wave ampli-
tude is visible (Fig. 10d-h), and it reaches a value close to one
hundred bars (whereas at ST = 8 CAD aTDC, amplitudes are about
1 bars). A correlation between the location of the pressure wave
and the Al reaction rate is also visible for the first time. However,
this Al spot is triggered late in the cycle, and the pressure wave
begins to vanish after 21.9 CAD aTDC due to the lack of fuel to
burn. The amplification of the wave seems to be a first sign of a
deflagration to detonation transition, and corresponds to points
located in the transition zone as suggested by Bradley’s diagram
in Fig. 5.

To make the analysis more quantitative, a circular 1D profile is
plotted at three millimeters of the periphery of the combustion
chamber as shown in Fig. 11 (black line). As the premixed flame
already consumed the fresh gases in the center of the combustion
chamber, this profile is assumed to be mainly in the fresh gases and
perpendicular to the autoignition front propagation.

The pressure and Al reaction rate are plotted every angular
degree (Fig. 12) on this profile looking for a correlation
between Al reaction rate and pressure wave propagation. In
addition, this figure also presents on the left the AP cut plane
at the same instant and the detonation indicator R (Eq. (5))
on the right. At 21.5 and 21.6 CAD aTDC (Fig. 12a and b), an
Al spot appears without clear coupling between the Al reaction
rate and pressure peak. However, the Al reaction rate increases
from 21.7 CAD aTDC (Fig. 12c) to 21.9 CAD aTDC (Fig. 12e), and
its peak location and speed coincide now with the pressure
wave whose amplitude reaches 180 bars in less than 0.5 CAD.
A coupling is being established and this conclusion is coherent
with the detonation indicator which reaches 1 in the region of
coupling.

The previous observations are the first signs of a DDT. To ascer-
tain these observations, the LES over-pressure and Al front velocity
are now compared to those of an established detonation, given by
Chapman-Jouguet (C]) relations. The Chapman-Jouguet detona-
tion velocity is given by:

Dg=4/2(»-1)*Q (6)
where Q is the heat quantity generated by unit of mixture mass, and

7 the ratio of specific heats fixed at 1.4. The Chapman-Jouguet pres-
sure of burned gases is given by:

D2
Py = posy ()
where p, is the local density in the fresh gases.

Using the present LES fresh gases conditions, Dq is estimated
close to 2.3 km/s and Pq to 900 bars. On the other hand, the LES
Al front velocity is estimated at about 1.1 km/s using the dis-
placement speed of the maximum pressure peak between two
images, and the maximum pressure variation reached at the
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Fig. 11. 1D profile location (black line) on the observation plane.

same instant is close to 200 bars. These values are below the
Chapman-Jouguet values but have the same order of magnitude,
which indicates that a transition to detonation is observed and

not a fully developed detonation. This transition is rapidly
stopped in the LES due to a lack of fresh gases to feed the devel-
oping detonation. A second explanation for this difference is that
Chapman-Jouguet theory assumes a one-dimensional detonation
while the LES wave is not strictly one-dimensional. Finally, we
note that both LES and Chapman-Jouguet values of the pressure
variation are computed using the ideal gas law which is no more
valid at such pressures. The discussed values must therefore be
seen as approximations of the real pressure variations observed
in the engine.

4.2.2. Al visualization of cycle 8

The same analysis is addressed for this new cycle. The first Al
spot occurs at 23.75 CAD aTDC (2.75 CAD later than in cycle 6 at
the same ST), and is visible in Fig. 13a (region A). A second Al spot
starts nearly simultaneously (region B of Fig. 13b), but indepen-
dently from the first one, at the opposite side of the chamber. It
generates another pressure wave which travels in the opposite
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direction (Fig. 13c). When these two waves collapse at 24.5 CAD pressure wave which is reflected on walls (Fig. 13e-h), but without
aTDC (Fig. 13d), the overpressure generated initiates a third Al spot coupling to the Al reaction rate at any instants as the amplitude is
close to the wall (region C). This latter Al spot generates a stronger low.
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As for cycle 6, the pressure and Al reaction rate are displayed on
a 1D profile in Fig. 14 to validate previous observations. In this
case, no coupling is observed, and whatever the instant, the Al
reaction rate peak is not correlated to the pressure peak. It is also
important to notice that AP only reaches 10 bars, against 100 bars
for the previous cycle. In the same way, the intensity of the Al reac-
tion rate does not exceed 10° kgm=3s~! whereas for cycle 6
(Fig. 12) the value of the Al reaction rate doubles when it is rein-
forced by the pressure wave. Finally, the detonation indicator stays
equal to O at any time, confirming that no coupling is present
during this cycle.

4.2.3. Conclusions for spark timing cases at TDC

From the analysis of cycles 6 and 8, and from others not pre-
sented here, two scenarios were found at this ST. For cycles like
cycle 8, no DDT was observed like for the ST of 8 CAD aTDC,
leading to small amplitude pressure waves. On the contrary for
cycles like cycle 6, the beginning of a DDT was clearly observed

but it happened too late during the engine cycle to develop sub-
stantially. This DDT was evidenced by the coupling between the
pressure wave and the fuel reaction rate, and by the characteris-
tic pressure and velocity of this wave which are of the order of
Chapman-Jouguet (CJ) values order of magnitude. In this case,
the pressure wave reached a value of 100 bars, a value much lar-
ger than when no coupling is observed. Like for the previous ST,
it was found that the detonation indicator is always in good
agreement with the direct visualization analysis, that is, it has
the ability to detect the presence of a DDT at the correct location
and instant. These results confirm that this ST constitutes a tran-
sition point between the two extreme regimes pointed out in
Fig. 4.

4.3. Super-knock

To study super-knock, two cycles with early spark timing
(ST=4 CAD bTDC) are chosen. Such an early ST compared to
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the knock limit crank angle (fixed around 6 CAD aTDC for this
engine) is not realistic, as it would lead to massive knock and
engine destruction. It is solely used here, like in the experiment
of Amann et al. [2], to mimic the creation of a premixed flame by
a pre-ignition spot. Therefore, the autoignition events observed
at this ST correspond to the ones observed in a cycle showing
pre-ignition and not to a standard cycle. For cycles 7 and 8,

the burned mass fraction (Fig. 15a) evolves in a nearly linear
way when the propagation flame grows into the chamber after
ignition. Around 10 CAD aTDC, the fuel consumption by the pre-
mixed flame tends to slow down, but at 13 CAD aTDC, a peak of
Al reaction rate is observed for both cycles. This leads to a sud-
den increase of the burned mass fraction, and to the consump-
tion of the 20% remaining fresh gases in only one CAD
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Fig. 15. Burned mass fraction, local in-cylinder pressure and reaction rate evolu-
tions for the LES cycles 7 and 8 at the ST =4 CAD bTDC.

approximately. This increase of the consumption speed is more
visible than for cycles with a ST at TDC, indicating a probably
more intense coupling between the Al reaction rate and pressure
waves compared to the previous cases.

4.3.1. Analysis of cycle 7

Figure 16 shows the evolution of AP on the horizontal plane at
z=0. Al starts at 13 CAD aTDC, and is visible at 13.2 CAD aTDC
(Fig. 164, region A). This Al spot of about 0.5 mm increases fresh
gases temperature by only 5 K, and initiates a pressure wave which
propagates into the chamber without reinforcing despite the two
other Al spots visible at 13.8 CAD aTDC in Fig. 16c (region B and

C). At this instant, the wave generated by the first Al spot impacts
the opposite wall as illustrated by the arrow added to Fig. 16b. A
new Al spot occurs at this location (Fig. 16d, region D) due to the
overpressure generated, and a DDT is then visible in Fig. 16e-h,
with an amplification of the wave that exceeds 200 bars (the
legend is rescaled compared to the previous cycles analyzed).
About 20% of the fresh gases remaining are finally consumed in
about 1.2 CAD.

To analyze the physical mechanisms involved in this cycle,
Fig. 17 presents the AP (left), fresh gases temperature (middle)
and Al delay (right) evolutions during the presumed DDT occur-
ence. The pressure wave impacts the wall at 13.9 CAD aTDC in
region A (Fig. 17a) and generates an increase of the fresh gases
temperature by more than 30 K which reduces locally the Al delay
from a value of the order of 1 CAD down to 0.1 CAD approxi-
mately. This allows the creation of a new autoignition spot at this
location which then grows and propagates towards the left as
seen in Fig. 17b-e. During this growth, it can be noticed that
the pressure front coincides with the autoignition reaction rate
front (black isolines on the left column), fresh gases temperature
increases and autoignition delay decreases. Inside the front, the Al
delay typically takes values of the order of 0.1 CAD. Assuming a
sound speed of 617 m/s corresponding to a fresh gases tempera-
ture of 950 K, the pressure wave only travels 5.7 mm before the
Al delay is reached. This length scale is of the order of the size
of the Al spot estimated close to 1 cm, thus indicating that a rein-
forcement of the pressure wave by Al can be expected, as effec-
tively observed.

As presented for the previous ST, Fig. 18 shows at the same
instants the 1D profiles of pressure (black) and Al reaction rate
(red), along with 2D plots of AP (on the left) and of the detonation
indicator (on the right). The correlation and propagation at the
same velocity of AP and Al reaction rate peaks becomes more vis-
ible as time passes, confirming that a DDT is established. It can be
noticed that the Al reaction rate peak is four times larger than for
cycle 6 at ST = 0 CAD, where a DDT was already detected, and the
maximum pressure peak is also more important with values close
to 450 bars. In addition, looking at the detonation indicator, the
regions where the indicator value equals 1 agree well with regions
where a DDT is established (i.e. regions where AP is amplified).

The analysis of this cycle shows a scenario where the strong
pressure wave is not generated by the first Al spot but by a sec-
ondary spot trigged by the initial spot. This scenario was inferred
both experimentally and by a combustion analysis based on
Bradley’s theory [28]. It is here confirmed by LES which allows a
detailed understanding of the physics at hand.

4.3.2. Analysis of cycle 8

Using the same analysis based on AP fields, a different scenario
is pointed out for cycle 8 (Fig. 19). Large Al spots are first observed
in region A of Fig. 19a, which generate a strong pressure wave. A
coupling between AP and the Al reaction rate (black isoline) is
observed on the left wing of the pressure wave that travels clock-
wise, between 13.5 and 14 CAD. It is similar to the coupling
observed at cycle 7, whereas the right wing of the wave shows
no reinforcement of the pressure wave (region B), probably due
to a lack of fresh gases to consume. A new Al spot appears indepen-
dently on the opposite side of the chamber (region C) at 13.6 CAD,
and it also generates a pressure wave that travels counterclockwise
and reinforces between 13.6 and 14 CAD. Finally, these two pres-
sure waves merge at 14.1 CAD further increasing the pressure
peak. As this Al sequence is very fast, the premixed flame displace-
ment is small (red isolines in Fig. 19) during this period of time,
which also means that the fresh gases are essentially oxidized by
autoignition as confirmed by Fig. 15c.
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As for cycle 7, Fig. 20 compares the AP field (left), the
pressure and reaction rate on 1D profiles (middle) and the deto-
nation indicator (right) at five instants where coupling is visible
in Fig. 19.

First of all, the 1D profiles between 13.3 CAD aTDC (Fig. 20a)
and 14.1 CAD aTDC (Fig. 20e) confirm that a coupling is taking
place in the region A, as the maximum pressure (black line) prop-
agates at the same velocity as the Al reaction rate (red line). It is
also observed that the peak pressure increases in this region from
a couple of bars above the mean value at 13.3 CAD to approxi-
mately 400 bars at 13.9 CAD aTDC and even more at 14.1 CAD
aTDC. At these two last crank angle degrees, the maximum pres-
sure reached is higher than the constant volume pressure increase
observed in a homogeneous autoignition in the same thermody-
namic conditions, which is estimated at 319 bars. The velocity of
the pressure wave can also be computed for this cycle looking at
the displacement of the pressure peaks. It is estimated at about

1.5 km/s whereas, as a reminder, the Chapman-Jouguet velocity
is estimated in such conditions at 2.29 km/s. The magnitude of
the two velocities is quite close, which confirms the establishment
of a DDT in such conditions.

A coupling is also observed in region C, although it is much less
intense. When the two opposite travelling DDT waves from regions
A and C collapse at 14.1 CAD, they induce a peak pressure close to
800 bars. This phenomenon was not observed in cycle 7 due to the
existence of a sole DDT. Figure 20 confirms that region B does not
lead to a DDT: except at 13.7 CAD where a small pressure increase
can be observed, the pressure in this region remains very close to
the mean pressure at all other times.

All these observations confirm that a DDT occurs during this
cycle, and the detonation indicator R (right column of Fig. 20) suc-
ceeds in predicting the location and the time of appearance of
DDTs in regions A and C, whereas it does not predict a DDT in
region B (excepted at 13.7 and 14.1 in very small regions) in
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instants where a DDT is supposed for cycle 7 at ST = 4 CAD bTDC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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agreement with the direct visualization. Fresh gases temperature
and Al delay fields are not presented here but the same physical
mechanisms as for cycle 7 are observed during this cycle. The three
initial Al spots present a nearly spherical shape with a radius of the
order of 0.6 mm. Within these spots the fresh gases temperature
increases by 30 K approximately at the instant of autoignition,
and these spots generate a strong pressure wave during the heat-
release period. The propagation of this wave implies an increase
of fresh gases temperature and a decrease of the Al delay, allowing
Al to start before the pressure wave had time to propagate away
from the reaction zone.

Finally, this LES also shows that the piston is submitted locally
to drastic thermodynamic conditions which can explain some real
engine damages after pre-ignition events. The limit of an abnor-
mal combustion analysis relying only on local in-cylinder pres-
sure sensors is thus pointed out: during this cycle, the local
pressure sensor shows (Fig. 15b) strong fluctuations, but the max-
imum pressure recorded does not exceed 210 bars, which is far

from the 800 bars recorded locally at other locations. It can be
concluded that performing a knock analysis based only on a local
sensor (or a couple of sensors) makes the result very dependent
on the relative distance between the Al spot and the sensor
location.

4.3.3. Conclusions for ST =4 CAD bTDC

LES analysis shows that the exponential increase of the knock
intensity observed at this ST (Fig. 4) is due to a coupling between
the pressure wave and the local autoignition. This interaction
produces a pressure which is much larger than the final constant
volume pressure that would be observed during a thermal
explosion.

It also explains why the quantity of fresh gases mass burned by
Al is not sufficient to explain alone such high intensities. LES allows
identifying this coupling explicitly because local and instantaneous
conditions of pressure and temperature are directly resolved on
the CFD mesh, unlike in RANS or in experiments.
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of this article.)
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Fig. 21. Schematization of Al scenario visualized in LES calculations.

5. Conclusions

A first LES study addressing different scenarios for knock and
super-knock observed in a SI engine is presented in this article.
Based on the evolution of knock intensity against the mass burned
by Al two regimes are observed: at low knock intensities, corre-
sponding to standard spark timing, knock intensity is found
proportional to the mass burned by Al For the earliest ST on the
contrary, corresponding to super-knock, knock intensity is still
found proportional to the mass burned by Al but with a much
stronger slope, suggesting a drastic change in the phenomena at
stake. The literature suggests that this regime is in fact a deflagra-
tion to detonation transition. To contribute to elucidate this ques-
tion, two analyses are proposed, both based on multi-cycle LES of a
SI engine operating point at different ST. The first one is “a priori”:
it applies Bradley’s diagram to the instantaneous LES fields. The
second one is “a posteriori”: it consists in analyzing directly the
LES fields to figure out if a coupling between the pressure waves
and the autoignition reaction rate is observed or not.

The a posteriori analysis allowed to identify different scenarios
of Al Figure 21 sums up these scenarios starting on the top from
the necessary condition: having a first Al spot. Consequences can
be different in terms of Al intensity (and pressure level), because
each Al spot can couple or not with the generated pressure wave.
Two regimes could be identified:

e The lowest intensities (green in Fig. 21) are linked to one or sev-
eral local Al spots which consume the surrounding fresh gases
within a few centimeters around the initial spot. There is no
coupling with the initial pressure wave, which is only reflected
on the chamber walls. These pressure fluctuations are well
captured by the local in-cylinder pressure sensor, and their
amplitude depends on the timing of Al event during the cycle,
i.e., on the quantity of fresh gases available, and the local ther-
modynamic conditions. This case corresponds to a low to mod-
erate knock intensity as encountered for knocking cycles after a
normal flame ignition by the spark plug.

e The highest intensities (red in Fig. 21) correspond to what is
usually called super-knock, a very intense knock observed
under pre-ignition conditions or for very early ST, as done in
this study. LES shows that the pressure waves generated by
one or a couple of Al spots are strong enough to induce an
increase of the fresh gases temperature which is itself strong

enough to substantially decrease the Al delay. This allows to
generate a coupling between the pressure wave and the Al reac-
tion rate which reinforce each other. The maximum pressure
reached by the reactive wave can be much larger than the one
reached in a constant volume vessel at the same thermody-
namic conditions. These results allow to identify these cases
as deflagration to detonation transitions. It therefore strongly
supports the hypothesis proposed in the literature [12,28] that
super-knock is caused by deflagration to detonation transition.

Thanks to the use of a local detonation indicator R based on
Bradley’s diagram, it is finally shown that this a priori tool not only
predicts the change of combustion regime as a function of the ST,
but it also roughly succeeds in predicting the location and time
of appearance of the DDT in the chamber. Unfortunately, as sug-
gested by Fig. 21, the first Al spot is not always responsible for
the DDT. This means that using cold flow LES to calculate the det-
onation indicator instead of a reacting LES as proposed here, would
lead to a failure of the indicator in many cases.
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