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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 Sl 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 of individual cycles, thus reproducing the link between
knock and cyclic variability. In the last few years, first

In the last decade, downsized spark ignition (SI) enginédl€mpts were made to model these phenoména;(s),

running under high loads behave attracted increasi§menstrating the potential of LES to address this topic.
interest thanks to their increased thermal efficiency anfiore recent work addressed first quantitative comparisons
low CO2 emissions. However, the related high engirg LES results with gxperlmental datﬁ)(pomtmg out that
loads induce severe thermodynamic conditions in tre=> iS @ble to predict knock tendencies. LES also allows
combustion chamber, promoting the occurrence of abnornfilalyzing in detail the occurrence of knocking events. Low
combustions like knock. This phenomenon is related to kpock mte_nsny is linked to one or several Iogal auto-ignition
uncontrolled auto-ignition (Al) of the fresh gases before thefP0tS Which consume only the surrounding fresh gases,
consumption by the premixed flame initiated by the spamherea.s thg occurrence of a transmon from defle.lgrauo'n' to
ignition device. It highly depends on the current combustioq'Ptonat'on_ is respor@ble for the highest knock intensities
velocity as well as species composition and temperatlf@Served in Sl enginesr). The present paper addresses

fluctuations in the cylinder, making knock a recurrent bfpr the first time a quantitative LES study of knocking
non-cyclic phenomenon. combustion in a Sl engine, accounting for the direct

The detailed study of knock is experimentally COrm)|e;pjection and accurate wall temperature boundary conditions.

because of the confined geometry and their possible

destructive characteristics. Such limitations motivate the use

of CFD for better understanding these specific combustiong:p Energies nouvelles, 1 et 4 avenue de Bois-Préau 92852 Rueil
Notably, RANS simulations were used to predict ansiaimaison, France ; Institut Carnot IFPEN Transports Energie
understand the occurrence of knock @). However, the _

RANS approach is limited to the description of the meaﬁOrrESpondlng author:

: . nthony Robert, IFP Energies nouvelles, 1 et 4 avenue de Bois-Préau
f:ycle, Wh'_Ch is not always aﬁeCte_d by I_(nOCk because @£852 Rueil Malmaison, France ; Institut Carnot IFPEN Transports
its sporadic nature. Large-Eddy Simulation (LES) appeatsergie
as an attractive alternative because it allows the simulati@mail: anthony.robert@ifpen.fr
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Real engine

LES domain

Figure 1. Presentation of the real engine configuration and the

LES computation domain.
Figure 2. Presentation of meshes used during intake valve

opening (left and top right) and at the spark plug during ignition
A spark timing variation available in the experimentaf®ottom right).
database is simulated in LES. The effect of injection on
the mixture formation and in particular on equivalenceorati
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 j
R Mormalized wall temperature

them, as shown in Fid.. ——

The configuration is a direct injection spark ignition 0 025 05 075 1
engine, whose features are summarized in TabThe
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 issuegkspa
timing values are given in this article relative to the lates
spark timing called “reference spark timing”.

Figure 3. Normalized wall temperatures imposed as LES

Table 1. Engine characteristics and simulated operating point. boundary conditions for cylinder head and intake pipe.

Engi ne capacity 400cc
%tmotr essi lon rat ljo égﬁo . during combustion phases. Finally, the mesh size is refined
| NE?’ I ohal - spee 19 bar down to 0.2mm in the vicinity of the spark plug during
Fuel SP95-E10 ignition. Several meshes are presented in Eig.
I njection timng Early during the cycle At the inlet and outlet of the LES domain, boundary
Spark tining sweep From -7,5 CAD before conditions are handled using the NSCBC appro&gh.().
the reference spark timing The same temporal signals resulting from a GT-power
to the reference ST calculation are imposed as boundary conditions for each LES
cycle.
Wall temperatures, which are a first order parameter to
MESHES AND BOUNDARY CONDITIONS study knock, are estimated using a conjugate heat transfer
FOR LES (CHT) based on RANS calculations. Computed temperature

fields are imposed as wall boundary conditions in LES.
Seventy tetrahedral meshes are needed to simulate a Rif. 3 presents the resulting normalized wall temperature
cycle, owning between 1.7 and 9.2 Million cells. The LESlistribution for the cylinder head and the intake pipe. Toe h
methodology used for the moving mesh is describe®)n ( region visible on the cylinder head is thus taken into actoun
The mean cell size is approximately 0.05mm at the residu@lving to the strong thermal inertia, these wall temperature
lift for intake and exhaust valves. Cell size in the chamber were kept constant for all simulated LES cycles. The valves
around 0.7mm during the main part of the cycle and 0.5mwere not included in CHT study, and their temperatures are
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Figure 4. Thermal image of the exhaust valves.
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Figure 5. LES wall temperatures of exhaust valves.

estimated using thermal images of the real engine test ben 7[ Pp- T Vipean.-dr.dd = // pp-my.r.V (r).dr.do
(Fig. 4). They are then imposed in the LES calculations with /Six; S

ing

a temperature gradient on the edges of the valves @jig. (.1)
to approximate the heat exchange at the valve seats durindVhere 1, Sinj, Vinean and r represent respectively
valves closure. 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
NUMERICAL SET-UP area, it can be rewritten as follow:

Large-Eddy Simulations are performed using the AVBP
code @; 11), co-developed and co-owned by CERFACS
and IFPEN. AVBP solves the multi-species, compressible, // 7-Vinean-dr.df = // r.V(r).dr.dd  (2)
reactive Navier-Stokes equations on unstructured and Sinj o

moving meshes 10). Time advancement is explicit and
convection is discretized in the present simulations usiy

ing

Vinean 1S computed from the instantaneous injection rate

a second-order (in space and time) centered finite volunié"’’
Lax-Wendroff schemel). The subgrid scale turbulence is Qin;
modeled by a Smagorinsky modél3 with a constant set Vinean(t) = S 3)
to Cs=0.18. Finally, the wall shear stress and heat flux are ing*1Pp
imposed using a RANS modeling based on a logarithmic Whereq; is the cavitation coefficient.
law-of-the-wall (L4). The Gaussian velocity profile(r) is defined by:
The Lagrangian formalismlf) is used to represent the V(r) = Vinae exp(—or?) 4

liquid phase. Due to the diluted liquid phase assumption
droplets injected are smaller than flow characteristickesca .
and the point source approximation is employed. To initia?end IS:

the spray physics at the nozzle exit, a simple disk model is oV

used (6). This model assumes that injected liquid can be Vinaz = ————— (5)
described with a discrete approach omitting the densemegio 1 —exp(-0)

of the spray. A full disk surface is defined at the nozzle exit, To respect physical properties, the maximum velocity is
on which a random deposit of particle is made. The main idémited by the Bernoulli velocity. As a consequence, the
is to define a Gaussian velocity profile in order to conseng@aussian parameter is adjusted to conserve momentum
momentum. The following equation is verified: (Fig. 6).

'The maximal velocity is located at the center of the disk,
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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,0) = V(r)(1 + 2Vims x RN) (6)

Where 6 is the angular position on the injection disk
surfaceV,..,s a given dimensionless velocity fluctuation and
RN a random number betwednand 1 different for each
position (rf).

The flame front propagation is described using the ECFM-
LES premixed combustion mode8;(17; 18). The local
mean laminar flame speed is obtained from the correlation of
Yahyaoui et al. 19) that was developed for various mixturesigyre 7. Image of injected droplets in the cylinder during
of gasoline/ethanol. The spark ignition is modeled usir®g thntake valve opening for one LES cycle. Droplets are colored by
ISSIM-LES model 20) which includes the description of their temperature.
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@al.mot* and K., is the equilibrium constant defined by
to the occurrence of auto-ignition in the fresh gases. Thig3). The rate constants of this reduced two-step mechanism
model is based on a progress variable that is independ@@re adjusted to recover the correct heat release rate and
of the premixed flame one. Both phenomena are therefdti¢rned gases temperature on homogeneous auto-ignition
fully decoupled so that an auto-ignition spot does not ered€actor calculations at various fuel/air ratios and pressu
artificially a propagating flame. The TKI model uses &or this purpose the same LLNL mechanism used to
look-up table built from complex chemistry simulationgenerate the TKI table was used as a reference solution.
using a TRF surrogate with 42.8% isooctane, 13.7% n-
heptane, 43.5% toluene and the LLNL kinetic mechanis
considering 1388 species and 5935 reacti@. Based on RESULTS AND DISCUSSIONS
local conditions, an auto-ignition reaction rate is extiedc Fifteen consecutive cycles for the reference spark timing
from the TKI table for each node of the mesh, and used (the latest one of the ST sweep) were first simulated with
the species transport equations. LES.

The post-flame kinetics is taken into account to correct the
burned gases state and temperature. First the remainihg fue

that has not been consumed by the propagating flame carfagference spark timing analysis
post-oxidized using the following consumption rate model:

¢

The simulated operating point owns an early injection
illustrated on Fig.7. Fuel is injected during intake valve

/ 5\ % /-0 \ Y opening, droplets are driven into the tumble motion and this
£, pYp pY02 L . .
T > <W> <W ) type of |nject|_0p sh_ould_ lead to a premlxed_mlxture at TDC.

b F Oz To analyze injection in more details, Fi@ 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
The rate of reaction of EQ is given by: ratio in the chamber at three different instants for the
simulated cycles. The mixing resulting from the compreassio

N N _ L : L
ot <Pcho> (ng;z) / » (ngiOQ) o of the tumbling intake flow, reduces the spatial variatiogs a

&;Fb = ﬁWFA/ exp <—

with A’ = 6.10" cmP.molt.standE,, = 41500 cal.mol™,
The b exponent stands for the burnt gas state.
Second the kinetic oxidation of CO is also introduced:

CO+ 105 + CO;, )

one comes close to TDC, where it centers around the targeted
Weo Wo, Weo, mean equivalence ratio of 1.2.

However, the mixture is not fully homogeneous at TDC,
exhibiting a non-negligible instantaneous stratificatiand
shows important cycle-to-cycle variability. Fig.0 shows
the spatial distributions for cycles 2 and 10 at TDC, which
are two extreme ones in terms of mixture heterogeneity in
kg the LES cycles. The spatial variance of equivalence ratio
Keg (10)  for cycle 10 is higher than for cycle 2, with equivalence

ratio extrema going from 0.9 to 1.6, which is much more
where the pre-exponential constant A is fixed tbeterogeneous than cycle 2. It is important to notice that
9.10% cmP.moll.s! , the activation energy is40000 cycle 2 is one of the most homogeneous LES cycles.

with Weo, Weo, andWp, the molar mass of CO, CO2 and
02 respectively, and,, Y2,,, Y5, their mass fractions
in the burnt gasesk; and k, are the forward and reverse
reaction rates:

E,
kf = Aexp (RTb> and k, =

Prepared usingagej.cls
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Figure 8. Temporal evolution of liquid mass for the fifteen LES

cycles at the reference ST.
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at the reference ST.

These observations are confirmed on Fig. where
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Figure 11. Comparison of equivalence ratio fields on a
horizontal cut plane at TDC for two LES cycles.
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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 vaiitgbil
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 experitsien
right after the spark ignition timing. To understand what
happens in more details, Fi$jy3 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

equivalence ratio on a horizontal cut plane at TDC igean value of 1.2, with limited cycle-to-cycle variabilitp
presented for the same LES cycles. The spatial distributiparticular the mean equivalence ratio at the spark of cycle
of equivalence ratio is much smaller for cycle 2 thans is very close to the one for cycle 11 which is the second
for cycle 10. Overall, the LES predictions indicate that gastest cycle predicted in LES (see Fi2). On the other
perfectly premixed fuel/air mixture is not obtained at TDC.hand, cycle 2 and 10 have different mean equivalence ratios
Despite the found strong differences in mixture homat the spark plug but exhibit very similar combustion speeds
geneity between cycles 2 and 10, this is not sufficietit appears that despite the fact that equivalence ratioeat th
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45

40 - Figure 15. Evolution of the flame kernel at 16 CAD after spark
ignition for the slowest (cycle 15) and the fast (cycle 11). Arrows
35 indicates the main direction of flame propagation.
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Figure 14, Mean velocity magnitude at the spark plug for the .

fifteen LES cycles at the reference spark timing.

Figure 16. lllustration of the methodology used to simulate the

spark plug is one of the parameters influencing the ignitioﬁﬁazjk_f?ming sweep Only CombL_‘S“‘]f” phfes aredSimU"’_‘tiF‘ Er

phase and combustion development, its cyclic variability)® derent spark imings, starting from the aerodynamic fields
- . .Obtained from the reference case.

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 factof g study of the ST sweep is illustrated in Fif. In an

of 2 between the maximum and minimum level. The cyclg,srach already proven accurate in the past [6], the fifteen
exhibiting the smallest mean velocity is cycle 15, which ig)|| consecutive LES cycles at the reference ST are used to
the slowest combustion cycle. Cycles 2 and 10 exhibit Ve?l’eld initial conditions just before ignition for the stui ST.
similar levels, but lowers than the one predicted for cyclgs g result only the combustion phases need to be computed.
11, which is one of the fastest cycles. Fith compares geyeral cycles can thus be simulated in parallel allowing
isosurfaces of premixed flame progress variable colored FB’ducing return times.

temperature for cycles 11 and 15, at 16 CAD after spark1his approach is justified in the absence of dependency
ignition. A vortex pushes the flame kernel of cycle 15 dowBepyeen consecutive cycles, which was verified for the
towards the piston. As a result, the ensuing propagatipfterence spark timing of the studied engine and supposed

appears to be slowed down as compared to cycle 11. In f3&,¢ yajid also for all studied ST. This assumption may not
latter, a high horizontal flow velocity favors the horizdntaye vajid in the general case.

propagation of the flame, which interacts much later with

the piston. All the;e observat|0n§ points out that 'gnmoﬁnalysis of the spark timing sweep
and flame propagation are more influenced by the velocity _ _ . .
magnitude at the spark plug and the direction of the flofig. 17to Fig. 19 compare the in-cylinder pressure predicted

in the combustion chamber than by cyclic variability oby the 15 LES cycles (black lines) with the 500 experimental
equivalence ratio. 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
sweep good agreement).

A spark timing sweep covering eight ignition times is To go further on the analysis of in-cylinder pressure,
available in the experimental database. Six of them atfee evolution of the coefficient of variation (COV) of the
simulated in LES, respectively -7.51 CAD, -6.76 CAD, maximum pressure is presented on E2.for the whole
-5.26 CAD, -3.76 CAD, -2.25 CAD before the reference SEpark timing sweep. The COV is defined as the ratio of the
and the reference one. The strategy followed to perform te@ndard deviation to the mean of the maximal in-cylinder

Methodology for simulating the spark timing
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Figure 17. Temporal evolution of normalized in-cylinder

pressure at a relative spark timing (RST) of -2.25 CAD.
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Figure 18. Temporal evolution of normalized in-cylinder
pressure at a RST of -5.26 CAD.
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Figure 19. Temporal evolution of normalized in-cylinder
pressure at a RST of -7.51 CAD.
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Figure 20. Evolution of the coefficient of variation (COV) of the
maximum pressure on the whole spark timing sweep.
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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 timeAt to go from 10% ('A;p) to 90%
of burned mass in the combustion chambérAg,) is
computed:

At = CAgy — C'Asg (11)

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

o AtExp.nLean - AtLESrnean

AtEmp.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

pressure. The slight increase of the COV percentage for thgtoignition spots. Fig22 illustrates the knock occurrence
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Figure 22. Autoignition spot (green) for LES cycle n°12 at +18 :3. — Experiment (mean)
CAD after TDC. Premixed flame position is computed using a g *LES
contour of ECFM progress variable colored by temperature. g = LES (mean)
o
=
=)
=
. x
77 Sensor n° 1 -\
’L‘ = @ . \, 0 50 100 150 200 250 300 350 400 450 500
(1 Cycle number
i " . Figure 25. Knock intensity comparisons between LES and
Sensorn®2 @ © Sensorn®4 experiment at the reference ST. Mean knock intensity level is
- = 0.34 bar for experiment and 0.37 bar for LES.
(1 - )l
A\ \! ) Sensor n° S Fir§t, a sensitivity study of the_ MAPO results on the
(experimental location of the pressure sensor is conducted using LES
Rosition) signals. To this purpose, three other numerical sensors are
located between the valves as presented in BigjThe
Figure 23. Localization of the four numerical sensors on the MAPO analysis is conducted on these four probes for the
cylinder head. fifteen LES cycles at the reference spark timing. Fig.

shows the resulting dependency of the knock intensity on the

15 cycles as a function of the position pressure recording. |
for the LES cycle RAl2 at a RST of -7.51 CAD. reveals the existence of two groups with different values of
Premixed flame position is computed using a contour &hock intensity. Sensorh and 93 show equivalent knock
ECFM progress variable colored by temperature, whereiagensity, much higher than knock intensity level predicte
autoignition spot is represented by a green contour with sensors 2 and f4. This observation underlines the
TKI progress variable. For this cycle, the premixed flamienportant sensitivity of pressure sensor location on the
propagation is slow down in a rich region (equivalence ratioylinder head.
field not shown here) under exhaust valves giving much morejn what follows, the MAPO analysis concerns the signals
time to fresh gases to autoignite. Such analysis allows fgcorded at sensor8, corresponding to the experimental
validate the occurrence of autoignition in the engine bidcation. In Fig.25to Fig. 27, the knock intensity is plotted
can only be done for numerical results. As the aim heeger the cycle identification number. To make these plots
is to compared LES knock results to experimental onegore readable, and as the LES sample is much smaller than
and because knock is characterized by pressure osciiatiar experiments, the identification number for LES cycles is
fluctuation of pressure traces available both for LES anfultiplied by 10 in these figures: so LES cycle 2 becomes
experiment are now analyzed. cycle 20, LES cycle 3 become cycle 30 ... etc. Mean values

From Fig. 12 and Fig. 17 to Fig. 21, the pressure are also plotted both for LES and experiment. For all spark

fluctuation amplitudes increase when spark timing occutisnings, the knock intensity predicted by LES is in good
more and more early during the cycle. To quantifagreement with the experimentally observed levels. Based
this qualitatively accurate tendency predicted by LE®n the mean knock level evolution, the earlier spark ignitio
a Maximum Amplitude of Pressure Oscillations analysisccurs in the cycle, the higher the knock intensity is, bath i
currently (MAPO) @4) is conducted. This analysis is basedhe experiments and in the LES. Results are also consistent
on the pressure signal, the same numerical treatment befogthe three other spark timings simulated in LES, but not
applied to LES and experimental signals. presented in this paper.

Prepared usingagej.cls



—-Experiment

o

. o

=, —Experiment (mean) ~#-LES (15 cycles) w B
§ +LES —-Experiment (500 cycles) o g'_
o

%. 15 = LES (mean) A = =Experiment (max of the 00 @
c _/’ ‘\ subsets of 15 cycles) [}
S Y A\ 250 =
E . 7 \ \ 3
- ’ \ 200 9
¥ ' s
A 150 3

g 05 \ \, ~ u:é
x —./.\ A = 00 Q
\ AP SN oo a

50 M

»

0 50 100 150 200 250 300 350 400 450 500

Cycle number 85 15 65 55 45 35 25 15 0,5
Normalized spark timing (CAD)

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 28. Percentage of knocking cycles over the relative
spark timings for the common ST between experiment and LES.
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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. Figure 29. Percentage of knocking cycles over the relative

spark timings for all the ST simulated in LES.

Another way to quantify the knock tendencies is to look ahe real engine should not run with such early ST, for which
the percentage of knocking cycles. A cycle is considered #& knock intensity (not shown here) increases sharply.
knocking when its knock intensity is superior to a threshold
value defined on the real engine test bench. For the operatin%
conditions of this study, the value of 1.1 bar is used bofrfONCLUSIONS

for LES and experiment. Fig28 shows the evolution of This paper presents for the first time a quantitative LES
the percentage of knocking cycles over the relative spagk,dy of cyclic variability and knock taking into account
timing (RST). As the sample of LES cycles is reduced, th@rect fuel injection in a production four-valve spark ijon
experimental sample is divided randomly into subsets ghgine fueled with a typical European gasoline, and running
15 cycles for which the analysis is repeated, in addition {@ high load and speed. Particular attention has been paid to
the full 500 cycles sample. The subset yielding the highegh accurate estimation of wall temperatures using a CHT
percentage is also plotted. At the reference ST (RST equ@lidy based on RANS calculations. Results of this CHT
to zero), non knocking cycles are observed both for LE§dy were imposed as boundary conditions in LES. First,
and experimental results. First knocking cycles are detectyn analysis of the in-cylinder mixture preparation as altesu
at -2.25 CAD before the RST in the experiment and atqf fyel injection and intake flow revealed that despite atyear
3.76 CAD in the LES, with very comparable intensity levejhjection timing, the tumble motion is not able to mix air and
(around 5%). The main difference occurs at a RST offye| sufficiently fast to obtain a perfectly premixed mixur
5.26 CAD where the experimental level falls down closg; spark timing. LES was shown to be able to reproduce
to zero, whereas LES predicts a continuous increase of 3@ experimental cylinder pressure variation envelopegusi
percentage of knocking cycles. The experimental behasiory |imited sample of 15 simulated cycles, and this for all
quite puzzling and difficult to explain, but was not furthektydied spark timings. Even if cycle-to-cycle variabiligy
explored here. well predicted by LES, one LES cycle was found to lie
Two additional earlier ST have been simulated in LES®elow the experimentally reported envelope. A detailed
but weren't studied experimentally to avoid damages. Tlamalysis of the mean flow around the spark plug pointed out
evolution of the percentage of knocking cycles is preseintedthat cyclic equivalence ratio variability is limited and sva
Fig.29. After a constant level untila RST of -11.3 CAD, LESprobably not the main reason for cycle-to-cycle combustion
predicts a sharp increase of the number of knocking cyclesvariability. It was shown that ignition and flame propagatio
reach a value close to 90%. This observation justifies the facere 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 experimentgB] Truffin K, Angelberger C, Richard S et al. Using large-
results. A sensitivity to the pressure sensor location @n th
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 timingg]
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 sparho]
timing. Future work concerns the exploration of the cau$es o
cyclic variability and knock, in an attempt to identify cowit
parameters allowing to reduce them in early design phases.
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NOMENCLATURE

Al : auto-ignition

[14]

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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