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Abstract
Downsized spark ignition (SI) engines running under high loads have become more and more attractive for car
manufacturers because of their increased thermal efficiency and lower CO2 emissions. However, the occurrence of
abnormal combustions promoted by the thermodynamic conditions encountered in such engines limits their practical
operating range, especially in high efficiency and low fuel consumption regions. One of the main abnormal combustion
is knock, which corresponds to an autoignition of end gases during the flame propagation initiated by the spark plug.
Knock generates pressure waves which can have long term damages on the engine, that is why the aim for car
manufacturers is to better understand and predict knock appearance. However an experimental study of such recurrent
but non-cyclic phenomena is very complex, and these difficulties motivate the use of CFD for better understanding
them.
In the present paper, Large-Eddy Simulation (LES) is used as it is able to represent the instantaneous engine behavior
and thus to quantitatively capture cyclic variability and knock. The proposed study focuses on the LES analysis of
knock for a direct injection SI engine. A spark timing sweep available in the experimental database is simulated, and
15 LES cycles were performed for each spark timing. Wall temperatures, which are a first order parameter for knock
prediction, are obtained using a conjugate heat transfer study. Present work points out that LES is able to describe the
in-cylinder pressure envelope whatever the spark timing, even if the sample of LES cycles is limited compared to the
500 cycles recorded in the engine test bench. The influence of direct injection and equivalence ratio stratifications on
combustion is also analyzed. Finally, focusing on knock, a MAPO (Maximum Amplitude Pressure Oscillation) analysis
is conducted for both experimental and numerical pressure traces pointing out that LES well reproduces experimental
knock tendencies.
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Introduction

In the last decade, downsized spark ignition (SI) engines
running under high loads behave attracted increasing
interest thanks to their increased thermal efficiency and
low CO2 emissions. However, the related high engine
loads induce severe thermodynamic conditions in the
combustion chamber, promoting the occurrence of abnormal
combustions like knock. This phenomenon is related to an
uncontrolled auto-ignition (AI) of the fresh gases before their
consumption by the premixed flame initiated by the spark
ignition device. It highly depends on the current combustion
velocity as well as species composition and temperature
fluctuations in the cylinder, making knock a recurrent but
non-cyclic phenomenon.
The detailed study of knock is experimentally complex
because of the confined geometry and their possible
destructive characteristics. Such limitations motivate the use
of CFD for better understanding these specific combustions.
Notably, RANS simulations were used to predict and
understand the occurrence of knock (1; 2). However, the
RANS approach is limited to the description of the mean
cycle, which is not always affected by knock because of
its sporadic nature. Large-Eddy Simulation (LES) appears
as an attractive alternative because it allows the simulation

of individual cycles, thus reproducing the link between
knock and cyclic variability. In the last few years, first
attempts were made to model these phenomena (3; 4; 5),
demonstrating the potential of LES to address this topic.
More recent work addressed first quantitative comparisons
of LES results with experimental data (6), pointing out that
LES is able to predict knock tendencies. LES also allows
analyzing in detail the occurrence of knocking events. Low
knock intensity is linked to one or several local auto-ignition
spots which consume only the surrounding fresh gases,
whereas the occurrence of a transition from deflagration to
detonation is responsible for the highest knock intensities
observed in SI engines (7). The present paper addresses
for the first time a quantitative LES study of knocking
combustion in a SI engine, accounting for the direct
injection and accurate wall temperature boundary conditions.
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Figure 1. Presentation of the real engine configuration and the
LES computation domain.

A spark timing variation available in the experimental
database is simulated in LES. The effect of injection on
the mixture formation and in particular on equivalence ratio
heterogeneity at spark timing is studied. The flow around the
spark plug is then analyzed and observations are linked to
the combustion behavior. Finally, the knock tendency as a
function of the spark timing predicted by LES is compared
with experimental trends.

EXPERIMENTAL SET-UP

The original engine configuration is a three cylinder four-
valve engine from groupe PSA, and the computational
domain corresponds to one single cylinder chosen amongst
them, as shown in Fig.1.

The configuration is a direct injection spark ignition
engine, whose features are summarized in Tab.1. The
operating point is at 5500 rpm with an IMEP of 19 bars.
The fuel is a commercial European gasoline (SP95-E10) with
10% of volume fraction of ethanol. This fuel is injected
thanks to an asymmetric five holes injector using a single
injection occurring early during the intake phase in order
to obtain a mixture as premixed as possible at top dead
center (TDC). A spark timing (ST) sweep is available in the
experimental database, and for confidentiality issues, spark
timing values are given in this article relative to the latest
spark timing called “reference spark timing”.

Table 1. Engine characteristics and simulated operating point.

Engine capacity 400cc
Compression ratio 10.3
Rotational speed 5500 RPM
IMEP 19 bar
Fuel SP95-E10
Injection timing Early during the cycle
Spark timing sweep From -7,5 CAD before

the reference spark timing
to the reference ST

MESHES AND BOUNDARY CONDITIONS
FOR LES

Seventy tetrahedral meshes are needed to simulate a full
cycle, owning between 1.7 and 9.2 Million cells. The LES
methodology used for the moving mesh is described in (8).
The mean cell size is approximately 0.05mm at the residual
lift for intake and exhaust valves. Cell size in the chamber is
around 0.7mm during the main part of the cycle and 0.5mm

Figure 2. Presentation of meshes used during intake valve
opening (left and top right) and at the spark plug during ignition
(bottom right).

Figure 3. Normalized wall temperatures imposed as LES
boundary conditions for cylinder head and intake pipe.

during combustion phases. Finally, the mesh size is refined
down to 0.2mm in the vicinity of the spark plug during
ignition. Several meshes are presented in Fig.2.

At the inlet and outlet of the LES domain, boundary
conditions are handled using the NSCBC approach (9; 10).
The same temporal signals resulting from a GT-power
calculation are imposed as boundary conditions for each LES
cycle.

Wall temperatures, which are a first order parameter to
study knock, are estimated using a conjugate heat transfer
(CHT) based on RANS calculations. Computed temperature
fields are imposed as wall boundary conditions in LES.
Fig. 3 presents the resulting normalized wall temperature
distribution for the cylinder head and the intake pipe. The hot
region visible on the cylinder head is thus taken into account.
Owing to the strong thermal inertia, these wall temperatures
were kept constant for all simulated LES cycles. The valves
were not included in CHT study, and their temperatures are
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Figure 4. Thermal image of the exhaust valves.

Figure 5. LES wall temperatures of exhaust valves.

estimated using thermal images of the real engine test bench
(Fig. 4). They are then imposed in the LES calculations with
a temperature gradient on the edges of the valves (Fig.5)
to approximate the heat exchange at the valve seats during
valves closure.

NUMERICAL SET-UP

Large-Eddy Simulations are performed using the AVBP
code (8; 11), co-developed and co-owned by CERFACS
and IFPEN. AVBP solves the multi-species, compressible,
reactive Navier-Stokes equations on unstructured and
moving meshes (10). Time advancement is explicit and
convection is discretized in the present simulations using
a second-order (in space and time) centered finite volume
Lax-Wendroff scheme (12). The subgrid scale turbulence is
modeled by a Smagorinsky model (13) with a constant set
to Cs=0.18. Finally, the wall shear stress and heat flux are
imposed using a RANS modeling based on a logarithmic
law-of-the-wall (14).

The Lagrangian formalism (15) is used to represent the
liquid phase. Due to the diluted liquid phase assumption,
droplets injected are smaller than flow characteristics scales
and the point source approximation is employed. To initiate
the spray physics at the nozzle exit, a simple disk model is
used (16). This model assumes that injected liquid can be
described with a discrete approach omitting the dense region
of the spray. A full disk surface is defined at the nozzle exit,
on which a random deposit of particle is made. The main idea
is to define a Gaussian velocity profile in order to conserve
momentum. The following equation is verified:

Figure 6. Example of adapted normalized velocity profiles (top)
depending on the instantaneous injected mass flow rate
(bottom)

∫∫

Sinj

ρp.ml.r.Vmean.dr.dθ =

∫∫

Sinj

ρp.ml.r.V (r).dr.dθ

(1)
Where ml, Sinj , Vmean and r represent respectively

the liquid mass, injection disk surface, mean velocity and
position on the disk. Assuming a constant liquid density and
an independence between the liquid mass and the injection
area, it can be rewritten as follow:

∫∫

Sinj

r.Vmean.dr.dθ =

∫∫

Sinj

r.V (r).dr.dθ (2)

Vmean is computed from the instantaneous injection rate
Qinj :

Vmean(t) =
Qinj

Sinjαlρp
(3)

Whereαl is the cavitation coefficient.
The Gaussian velocity profileV (r) is defined by:

V (r) = Vmax exp(−σr2) (4)

The maximal velocity is located at the center of the disk,
and is:

Vmax =
σVmean

1 − exp(−σ)
(5)

To respect physical properties, the maximum velocity is
limited by the Bernoulli velocity. As a consequence, the
Gaussian parameterσ is adjusted to conserve momentum
(Fig. 6).
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Finally a turbulent fluctuation at the nozzle exit is
introduced by adding a random velocity contribution to the
normal and radial liquid velocity, as:

V (r, θ) = V (r)(1 + 2Vrms ∗ RN) (6)

Where θ is the angular position on the injection disk
surface,Vrms a given dimensionless velocity fluctuation and
RN a random number between0 and1 different for each
position (r,θ).

The flame front propagation is described using the ECFM-
LES premixed combustion model (8; 17; 18). The local
mean laminar flame speed is obtained from the correlation of
Yahyaoui et al. (19) that was developed for various mixtures
of gasoline/ethanol. The spark ignition is modeled using the
ISSIM-LES model (20) which includes the description of
the electrical circuit and 3D modeling of the flame kernel
growth during ignition. The tabulated auto-ignition model
(TKI-LES) (6; 21) is used to model the reaction rate linked
to the occurrence of auto-ignition in the fresh gases. This
model is based on a progress variable that is independent
of the premixed flame one. Both phenomena are therefore
fully decoupled so that an auto-ignition spot does not create
artificially a propagating flame. The TKI model uses a
look-up table built from complex chemistry simulations
using a TRF surrogate with 42.8% isooctane, 13.7% n-
heptane, 43.5% toluene and the LLNL kinetic mechanism
considering 1388 species and 5935 reactions (22). Based on
local conditions, an auto-ignition reaction rate is extracted
from the TKI table for each node of the mesh, and used in
the species transport equations.

The post-flame kinetics is taken into account to correct the
burned gases state and temperature. First the remaining fuel
that has not been consumed by the propagating flame can be
post-oxidized using the following consumption rate model:

˜̇ωF b = ρWF A′ exp

(
−

E
′

a

RTb

)(
ρỸ b

F

WF

)0.55 (
ρỸ b

O2

WO2

)0.9

(7)
with A′ = 6.1011 cm3.mol-1.s-1 andE

′

a = 41500 cal.mol-1.
The b exponent stands for the burnt gas state.

Second the kinetic oxidation of CO is also introduced:

CO + 1

2
O2 ↔ CO2 (8)

The rate of reaction of Eq.8 is given by:

Q = kf

(
ρỸ b

CO

WCO

) (
ρỸ b

O2

WO2

)1/2

− kr

(
ρỸ b

CO2

WCO2

)
(9)

with WCO, WCO2
andWO2

the molar mass of CO, CO2 and
O2 respectively, and̃Y b

CO, Ỹ b
CO2

, Ỹ b
O2

their mass fractions
in the burnt gases.kf and kr are the forward and reverse
reaction rates:

kf = A exp

(
−

Ea

RTb

)
and kr =

kf

Keq
(10)

where the pre-exponential constant A is fixed to
9.108 cm3.mol-1.s-1 , the activation energy is40000

Figure 7. Image of injected droplets in the cylinder during
intake valve opening for one LES cycle. Droplets are colored by
their temperature.

cal.mol-1 and Keq is the equilibrium constant defined by
(23). The rate constants of this reduced two-step mechanism
were adjusted to recover the correct heat release rate and
burned gases temperature on homogeneous auto-ignition
reactor calculations at various fuel/air ratios and pressures.
For this purpose the same LLNL mechanism used to
generate the TKI table was used as a reference solution.

RESULTS AND DISCUSSIONS

Fifteen consecutive cycles for the reference spark timing
(the latest one of the ST sweep) were first simulated with
LES.

Reference spark timing analysis

The simulated operating point owns an early injection
illustrated on Fig.7. Fuel is injected during intake valve
opening, droplets are driven into the tumble motion and this
type of injection should lead to a premixed mixture at TDC.
To analyze injection in more details, Fig.8 shows the
temporal evolution of the liquid mass in the combustion
chamber, which increases during injection before reaching
a maximum value around -200 CAD before TDC. Liquid
masse then decreases due to the evaporation of droplets
which are fully evaporated around 60 CAD bTDC.

Fig. 9 shows the distribution of local fuel/air equivalence
ratio in the chamber at three different instants for the
simulated cycles. The mixing resulting from the compression
of the tumbling intake flow, reduces the spatial variations as
one comes close to TDC, where it centers around the targeted
mean equivalence ratio of 1.2.

However, the mixture is not fully homogeneous at TDC,
exhibiting a non-negligible instantaneous stratification, and
shows important cycle-to-cycle variability. Fig.10 shows
the spatial distributions for cycles 2 and 10 at TDC, which
are two extreme ones in terms of mixture heterogeneity in
the LES cycles. The spatial variance of equivalence ratio
for cycle 10 is higher than for cycle 2, with equivalence
ratio extrema going from 0.9 to 1.6, which is much more
heterogeneous than cycle 2. It is important to notice that
cycle 2 is one of the most homogeneous LES cycles.
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Figure 8. Temporal evolution of liquid mass for the fifteen LES
cycles at the reference ST.

Figure 9. Spatial distribution of equivalence ratio for fifteen
LES cycles at three instants during compression.

Figure 10. Spatial distribution at TDC for two individual cycles
at the reference ST.

These observations are confirmed on Fig.11 where
equivalence ratio on a horizontal cut plane at TDC is
presented for the same LES cycles. The spatial distribution
of equivalence ratio is much smaller for cycle 2 than
for cycle 10. Overall, the LES predictions indicate that a
perfectly premixed fuel/air mixture is not obtained at TDC.

Despite the found strong differences in mixture homo-
geneity between cycles 2 and 10, this is not sufficient

Figure 11. Comparison of equivalence ratio fields on a
horizontal cut plane at TDC for two LES cycles.

Figure 12. Normalized in-cylinder pressure comparison
between LES (black) and experiment (brown) at the reference
spark timing.

to explain the predicted cyclic combustion variability. As
shown in Fig.12, these two extreme cycles in terms of
heterogeneity are indeed not extreme in terms of combustion
speed, as both are located in the bottom part of the cylinder
pressure envelope. Overall the cyclic combustion variability
predicted by the 15 LES cycles reproduces quite well the
one observed experimentally based on 500 cycles. Note that
the reported pressure was recorded at the same position in
experiments and LES.

However, it may be noticed that LES cycle number 15 lies
below the statistically probable envelope of the experiments,
right after the spark ignition timing. To understand what
happens in more details, Fig.13 and Fig.14 show the mean
equivalence ratio and flow velocity magnitude in a sphere of
5 mm around the spark plug at the instant of spark ignition.
Values are plotted over the cycle identification number, and
we can first notice that cycle 1 is not taken into account as
results depend too much on the initial condition.

The mean equivalence ratio is fluctuating around the
mean value of 1.2, with limited cycle-to-cycle variability. In
particular the mean equivalence ratio at the spark of cycle
15 is very close to the one for cycle 11 which is the second
fastest cycle predicted in LES (see Fig.12). On the other
hand, cycle 2 and 10 have different mean equivalence ratios
at the spark plug but exhibit very similar combustion speeds.
It appears that despite the fact that equivalence ratio at the
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Figure 13. Mean equivalence ratio at the spark plug for the
fifteen LES cycles at the reference spark timing.

Figure 14. Mean velocity magnitude at the spark plug for the
fifteen LES cycles at the reference spark timing.

spark plug is one of the parameters influencing the ignition
phase and combustion development, its cyclic variability
does not appear to be sufficient to explain the combustion
variability. Fig. 14 shows that the cycle-to-cycle variability
of mean flow velocity at the spark is important, with a factor
of 2 between the maximum and minimum level. The cycle
exhibiting the smallest mean velocity is cycle 15, which is
the slowest combustion cycle. Cycles 2 and 10 exhibit very
similar levels, but lowers than the one predicted for cycle
11, which is one of the fastest cycles. Fig.15 compares
isosurfaces of premixed flame progress variable colored by
temperature for cycles 11 and 15, at 16 CAD after spark
ignition. A vortex pushes the flame kernel of cycle 15 down
towards the piston. As a result, the ensuing propagation
appears to be slowed down as compared to cycle 11. In the
latter, a high horizontal flow velocity favors the horizontal
propagation of the flame, which interacts much later with
the piston. All these observations points out that ignition
and flame propagation are more influenced by the velocity
magnitude at the spark plug and the direction of the flow
in the combustion chamber than by cyclic variability of
equivalence ratio.

Methodology for simulating the spark timing
sweep

A spark timing sweep covering eight ignition times is
available in the experimental database. Six of them are
simulated in LES, respectively -7.51 CAD, -6.76 CAD,
-5.26 CAD, -3.76 CAD, -2.25 CAD before the reference ST
and the reference one. The strategy followed to perform the

Figure 15. Evolution of the flame kernel at 16 CAD after spark
ignition for the slowest (cycle 15) and the fast (cycle 11). Arrows
indicates the main direction of flame propagation.

Figure 16. Illustration of the methodology used to simulate the
spark timing sweep. Only combustion phases are simulated for
the different spark timings, starting from the aerodynamic fields
obtained from the reference case.

LES study of the ST sweep is illustrated in Fig.16. In an
approach already proven accurate in the past [6], the fifteen
full consecutive LES cycles at the reference ST are used to
yield initial conditions just before ignition for the studied ST.
As a result only the combustion phases need to be computed.
Several cycles can thus be simulated in parallel allowing
reducing return times.

This approach is justified in the absence of dependency
between consecutive cycles, which was verified for the
reference spark timing of the studied engine and supposed
to be valid also for all studied ST. This assumption may not
be valid in the general case.

Analysis of the spark timing sweep
Fig. 17 to Fig.19compare the in-cylinder pressure predicted
by the 15 LES cycles (black lines) with the 500 experimental
cycles (brown lines) for three of the simulated ST. The
LES cycles are able to reproduce the experimental pressure
envelope recorded at the cylinder head whatever the spark
timing (results for the ST not presented here have the same
good agreement).

To go further on the analysis of in-cylinder pressure,
the evolution of the coefficient of variation (COV) of the
maximum pressure is presented on Fig.20 for the whole
spark timing sweep. The COV is defined as the ratio of the
standard deviation to the mean of the maximal in-cylinder
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Figure 17. Temporal evolution of normalized in-cylinder
pressure at a relative spark timing (RST) of -2.25 CAD.

Figure 18. Temporal evolution of normalized in-cylinder
pressure at a RST of -5.26 CAD.

Figure 19. Temporal evolution of normalized in-cylinder
pressure at a RST of -7.51 CAD.

pressure. The slight increase of the COV percentage for the

Figure 20. Evolution of the coefficient of variation (COV) of the
maximum pressure on the whole spark timing sweep.

Figure 21. Combustion duration error over the relative spark
timings.

latest spark timing is well reproduced by the LES, even if
the numerical results overestimate a bit experimental ones,
mainly due to the limited sample of LES cycles.

To compare combustion velocities between LES and
experiment, the time∆t to go from 10% (CA10) to 90%
of burned mass in the combustion chamber (CA90) is
computed:

∆t = CA90 − CA10 (11)

Fig. 21 shows the resulting mean errorǫ between LES
results and experimental findings for the simulated ST,
computed as:

ǫ =
∆tExp.mean − ∆tLESmean

∆tExp.mean
(12)

where the respective mean values are computed as an
ensemble average of the available cycles (15 in LES, 500 in
experiments). The maximum error is around 8%, confirming
a good reproduction by LES of the experimentally observed
combustion speeds. LES is found to underestimate it for the
early ST, and to overestimate it for the latest spark timing.
The reasons for this have not yet been further investigated.

Focusing on knock, the use of models ECFM-LES and
TKI-LES allows to follow distinctly the propagation of
the premixed flame initiated at the spark plug and the
autoignition spots. Fig.22 illustrates the knock occurrence
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Figure 22. Autoignition spot (green) for LES cycle no12 at +18
CAD after TDC. Premixed flame position is computed using a
contour of ECFM progress variable colored by temperature.

Figure 23. Localization of the four numerical sensors on the
cylinder head.

for the LES cycle no12 at a RST of -7.51 CAD.
Premixed flame position is computed using a contour of
ECFM progress variable colored by temperature, whereas
autoignition spot is represented by a green contour of
TKI progress variable. For this cycle, the premixed flame
propagation is slow down in a rich region (equivalence ratio
field not shown here) under exhaust valves giving much more
time to fresh gases to autoignite. Such analysis allows to
validate the occurrence of autoignition in the engine but
can only be done for numerical results. As the aim here
is to compared LES knock results to experimental ones,
and because knock is characterized by pressure oscillations,
fluctuation of pressure traces available both for LES and
experiment are now analyzed.

From Fig. 12 and Fig. 17 to Fig. 21, the pressure
fluctuation amplitudes increase when spark timing occurs
more and more early during the cycle. To quantify
this qualitatively accurate tendency predicted by LES,
a Maximum Amplitude of Pressure Oscillations analysis
currently (MAPO) (24) is conducted. This analysis is based
on the pressure signal, the same numerical treatment being
applied to LES and experimental signals.

Figure 24. MAPO analysis of the pressure signal recorded at
different sensor locations.

Figure 25. Knock intensity comparisons between LES and
experiment at the reference ST. Mean knock intensity level is
0.34 bar for experiment and 0.37 bar for LES.

First, a sensitivity study of the MAPO results on the
location of the pressure sensor is conducted using LES
signals. To this purpose, three other numerical sensors are
located between the valves as presented in Fig.23.The
MAPO analysis is conducted on these four probes for the
fifteen LES cycles at the reference spark timing. Fig.24
shows the resulting dependency of the knock intensity on the
15 cycles as a function of the position pressure recording. It
reveals the existence of two groups with different values of
knock intensity. Sensors no1 and no3 show equivalent knock
intensity, much higher than knock intensity level predicted
with sensors no2 and no4. This observation underlines the
important sensitivity of pressure sensor location on the
cylinder head.

In what follows, the MAPO analysis concerns the signals
recorded at sensor no3, corresponding to the experimental
location. In Fig.25 to Fig. 27, the knock intensity is plotted
over the cycle identification number. To make these plots
more readable, and as the LES sample is much smaller than
for experiments, the identification number for LES cycles is
multiplied by 10 in these figures: so LES cycle 2 becomes
cycle 20, LES cycle 3 become cycle 30 ... etc. Mean values
are also plotted both for LES and experiment. For all spark
timings, the knock intensity predicted by LES is in good
agreement with the experimentally observed levels. Based
on the mean knock level evolution, the earlier spark ignition
occurs in the cycle, the higher the knock intensity is, both in
the experiments and in the LES. Results are also consistent
for the three other spark timings simulated in LES, but not
presented in this paper.
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Figure 26. Knock intensity comparisons, ST is set to the
reference minus 3.76 CAD. Mean knock intensity level is 0.5 bar
for experiment and 0.59 bar for LES.

Figure 27. Knock intensity comparisons, ST is set to the
reference minus 7.51 CAD. Mean knock intensity level is 0.64
bar for experiment and 0.85 bar for LES.

Another way to quantify the knock tendencies is to look at
the percentage of knocking cycles. A cycle is considered as
knocking when its knock intensity is superior to a threshold
value defined on the real engine test bench. For the operating
conditions of this study, the value of 1.1 bar is used both
for LES and experiment. Fig.28 shows the evolution of
the percentage of knocking cycles over the relative spark
timing (RST). As the sample of LES cycles is reduced, the
experimental sample is divided randomly into subsets of
15 cycles for which the analysis is repeated, in addition to
the full 500 cycles sample. The subset yielding the highest
percentage is also plotted. At the reference ST (RST equal
to zero), non knocking cycles are observed both for LES
and experimental results. First knocking cycles are detected
at -2.25 CAD before the RST in the experiment and at -
3.76 CAD in the LES, with very comparable intensity level
(around 5%). The main difference occurs at a RST of -
5.26 CAD where the experimental level falls down close
to zero, whereas LES predicts a continuous increase of the
percentage of knocking cycles. The experimental behavior is
quite puzzling and difficult to explain, but was not further
explored here.

Two additional earlier ST have been simulated in LES,
but weren’t studied experimentally to avoid damages. The
evolution of the percentage of knocking cycles is presentedin
Fig.29. After a constant level until a RST of -11.3 CAD, LES
predicts a sharp increase of the number of knocking cycles to
reach a value close to 90%. This observation justifies the fact

Figure 28. Percentage of knocking cycles over the relative
spark timings for the common ST between experiment and LES.

Figure 29. Percentage of knocking cycles over the relative
spark timings for all the ST simulated in LES.

the real engine should not run with such early ST, for which
the knock intensity (not shown here) increases sharply.

CONCLUSIONS

This paper presents for the first time a quantitative LES
study of cyclic variability and knock taking into account
direct fuel injection in a production four-valve spark ignition
engine fueled with a typical European gasoline, and running
at high load and speed. Particular attention has been paid to
an accurate estimation of wall temperatures using a CHT
study based on RANS calculations. Results of this CHT
study were imposed as boundary conditions in LES. First,
an analysis of the in-cylinder mixture preparation as a result
of fuel injection and intake flow revealed that despite an early
injection timing, the tumble motion is not able to mix air and
fuel sufficiently fast to obtain a perfectly premixed mixture
at spark timing. LES was shown to be able to reproduce
the experimental cylinder pressure variation envelope using
a limited sample of 15 simulated cycles, and this for all
studied spark timings. Even if cycle-to-cycle variabilityis
well predicted by LES, one LES cycle was found to lie
below the experimentally reported envelope. A detailed
analysis of the mean flow around the spark plug pointed out
that cyclic equivalence ratio variability is limited and was
probably not the main reason for cycle-to-cycle combustion
variability. It was shown that ignition and flame propagation
were more influenced by the velocity magnitude at the
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spark plug, and by the cyclic variability of the flow during
early flame propagation. To quantify knock intensity, the
same MAPO analysis was applied to LES and experimental
results. A sensitivity to the pressure sensor location on the
cylinder head was conducted and showed that it strongly
influenced the resulting knock intensity. This confirms that
this location should be chosen with care for an on-board
knock detection. The dependency of knock on spark timing
was then analyzed. LES was shown to reproduce quite
accurately the experimental findings in terms of intensity
and percentage of knocking cycle’s variation with spark
timing. Future work concerns the exploration of the causes of
cyclic variability and knock, in an attempt to identify control
parameters allowing to reduce them in early design phases.
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NOMENCLATURE

AI : auto-ignition
TDC: Top Dead Center
ST : Spark timing
RST : Relative Spark Timing
CHT : Conjugated Heat Transfer
MAPO : Maximum Amplitude of Pressure Oscillations
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