
INTRODUCTION
In the last few years a return of interest towards gasoline-

fuelled engines is experienced in the market, as emission
concerns (mainly on SOOT and NOx) are complicating the
development of “clean” Diesel engines at affordable prices,
thus pushing the engine research guidelines into highly-
supercharged and downsized spark-ignition (SI) engines. The
quest for lower emissions and increased fuel economy has
given a new effort in the demand for higher level of thermal
efficiency in internal combustion engines (ICEs). To achieve
these targets the reduction of the overall engine size and
weight are seen as the optimal solution. The commonly
accepted practice to obtain this is to highly compress the
intake charge by means of turbochargers or superchargers in
conjunction with direct injection of fuel within the cylinder to
counterbalance the charge heating. In fact, in spark ignition

engines increased levels of in-cylinder pressure have always
been limited by the arising of abnormal combustion
phenomena. In particular, the autoignition of gasoline-like
fuel in the outer regions of the combustion chamber prior to
the main flame propagation gives rise to a complex and
intense system of pressure waves. This phenomenon is
commonly named knock. The pressure waves reflect on
concrete walls of the combustion chamber, as well as on
piston, head and valves, and induce a variety of damaging
mechanisms that eventually lead to severe engine failures.
These include removal of the lubricant film, increasing
friction and wear, and large fluctuations of the heat flux to the
combustion chamber walls, affecting the high cycle fatigue
strength due to thermo-mechanical loadings.

The use of direct injection of fuel in SI engines (DISI
engines) in the recent years has helped in limiting the knock
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ABSTRACT
The paper reports the application of a look-up table approach within a LES combustion modelling framework for the

prediction of knock limit in a highly downsized turbocharged DISI engine.
During experimental investigations at the engine test bed, high cycle-to-cycle variability was detected even for

relatively stable peak power / full load operations of the engine, where knock onset severely limited the overall engine
performance.

In order to overcome the excessive computational cost of a direct chemical solution within a LES framework, the use
of look-up tables for auto-ignition modelling perfectly fits with the strict mesh requirements of a LES simulation, with an
acceptable approximation of the actual chemical kinetics.

The model here presented is a totally stand-alone tool for autoignition analysis integrated with look-up table reading
from detailed chemical kinetic schemes for gasoline. The look-up table access is provided by a multi-linear interpolating
routine internally developed at the “Gruppo Motori (GruMo)” of the University of Modena and Reggio Emilia. As the
experimental tests were conducted operating the engine at knock-limited spark advance, the tool is at first validated for
three different LES cycles in terms of knock tolerance, i.e. the safety margin to knock occurrence.

As a second stage, the validation of the methodology is performed for discrete spark advance increases in order to
assess the sensitivity of the modelling strategy to variations in engine operations. A detailed analysis of the unburnt gas
physical state is performed which confirms the knock-limited condition suggested by the experimental tests.
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occurrence through the charge cooling effect provided by the
evaporation of the fuel inside the combustion chamber.
However, with the increasing demand for higher boost
pressures, knock still remains one of the most severe
performance limiters in SI engines, such as the engine under
investigation in the present work. This is made even more
complex by cycle-to-cycle variability (CCV) that strongly
affects the knock-tendency quality of each single engine
cycle. These features are relieved in the investigated engine, a
highly-downsized and turbocharged DISI engine currently
under production by Ferrari S.p.A.

The engine operating condition investigated in the paper
is the peak-power engine speed (7000 rpm) full load one.
This high-revving speed, high load and relatively stable
operating point, turns out to be severely limited by knock
onset, as relieved by experimental measurements carried out
by the engine manufacturer. As a consequence, a reduced
spark advance is needed in order to limit the probability of
abnormal combustion events.

From the point of view of numerical analyses,
consolidated CFD simulations based on the Reynolds-
Averaged Navier Stokes (RANS) approach are not able to
deal with CCV issues, as the time-average operated in the
numeric framework “a priori” removes any fluctuating
characteristics of the engine operation. Results from these
simulations are ensemble averaged cycles that can be very
little useful when dealing with considerable CCV and highly
unstable operating conditions such as those very close to
knock.

Recent progresses in computational resources made it
possible the application of a consolidated numeric approach
called Large Eddy Simulation (LES) also to engineering
problems and complex geometries such as reciprocating
engines [2] [3]. In LES simulations only a filtering in space is
carried out, while no filtering in time is performed. The
intrinsic unsteadiness of LES modeling of fluids makes it a
very well suited tool for CCV analysis of combustion in
engines, as it is extensively reported in a previous work [1].

This study extends the aforementioned analysis of CCV
by means of LES with a numerical modeling of autoignition,
and a complete framework for knocking prediction alongside
CCV is built and validated.

NUMERICAL FRAMEWORK
Numerical Grid and LES Modeling

The numerical analyses here reported are part of the
dataset presented in [1]. In particular, as the aim of the study
is to focus on the combustion process, neither intake or
exhaust ports are needed. The initial conditions for each cycle
come from the aforementioned dataset of full-cycle analyses,
and a solution mapping procedure is performed onto the
closed-valve mesh without the ports. The resulting grid is
consisting of about 780000 cells at mid-compression stroke
and about 236000 cells at Top Dead Center (TDC).

The LES approach chosen for sub-grid term closure is
based on the Smagorinsky eddy viscosity model, while for
combustion modeling the ECFM3Z-LES is adopted in the
framework of Star-CD. Spray modeling and wall heat transfer
rely on RANS-derived sub-models and standard wall
function, as a full LES modeling is still under development.

The adoption of closed-valve mesh limits the CPU time
needed for each calculation to about 24 hours on 24-cores per
case, allowing to easily cover several spark advances as well
as different engine cycles.

Chemistry Modeling for Gasoline
Autoignition

A complete modelling of actual-fuel combustion is well
known to be a task beyond the present limit of combustion
chemistry knowledge, as a real fuel is composed by hundreds
of different hydrocarbons (branched and straight chain
paraffin, aromatics, alcohols etc.). As a consequence, detailed
mechanisms for combustion chemistry modelling are
available just for binary or tertiary blends, usually called
surrogate fuels.

In addition to this, a complete integration of chemistry in
CFD codes is usually extremely demanding from a CPU
point of view. In fact, every intermediate species invoked by
the chemical mechanism has to be accounted for in the CFD
analysis, and this introduces an additional transport equation
for each of them.

Therefore, reduction strategies for chemical mechanisms
have been a strict urgency since a long time. The usual
approach adopted is to resume the chemical kinetics of
similar hydrocarbons by a unique species (‘lumped’ or
‘skeletal’ approaches), or to neglect intermediate reactions
and species whose relevance is very low in the overall
chemistry description. All these techniques are aimed at
reducing the number of species involved in combustion
chemistry.

In the past decade much of the modelling effort in fuel
chemistry was devoted to Diesel surrogate. This was in line
with the research commitment onto Diesel combustion, which
in turn highly benefited of these efforts. Gasoline-like fuels
were usually represented as a binary blend of isoctane
(C8H18) and n-heptane (C7H16). These are commonly
referred to as Primary Reference Fuels (PRF). In the recent
decades, as engine technology progressed, it became clear
that the standard fuel rating based on the RON and MON
tests could not accurately represent the fuel behaviour
anymore because of the fuel sensitivity (defined as the
difference between RON and MON) [4]. From a modelling
point of view this introduced the necessity of gasoline
surrogate definition as ternary blends, with toluene (Toluene
Reference Fuels, TRF) added to the isoctane/n-heptane blend,
being it the most important aromatic in real gasoline [5].

In this study three different blends are evaluated for
gasoline surrogate, all of them containing different volume
percentages of isoctane and toluene. The toluene presence,
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alongside with the look-up table approach that will be later
described, are both intended to include in the CFD analyses
the complete autoignition delay characteristics typical of each
blend.

In the modelling framework adopted in this work, the
combustion chamber is considered as a two-zone region: the
former being the region where regular combustion (i.e.
deflagration) occurs. Its modelling is on the behalf of a
proper combustion model. The second region is relative to the
unburnt gas and this is the zone where knocking phenomena
can eventually take place.

The numerical analysis of the former is treated by the
ECFM-LES combustion model, while for the latter the
chemistry progress of the autoignition event is continuously
tracked by a dedicated routine that will be later briefly
described.

Focusing on the chemistry approach for gasoline
autoignition, a chemical mechanism for gasoline surrogate is
needed in order to build the autoignition delay database. This
is performed once per each fuel model, and all the results (i.e.
the autoignition delays) are stored in a tabulated database,
which is finally supplied to the CFD code and accessed to
during the calculation.

The autoignition delay is defined as the time when the
maximum slope for temperature increase is detected.
However, parallel testing carried out by the authors with
different definitions (e.g. maximum mole fraction of OH
radical) led to very similar results, enforcing the idea that
different definitions of delays do not affect the global results.

A multi-linear interpolating routine was developed at
Gruppo Motori of University of Modena in order to calculate
an approximate delay for each combination of the four
variables driving autoignition, i.e. pressure, temperature,
mixture strength and residual level. Since the exact cell-wise
value is generally not stored as an input point for the
database, an exact result for the delay is not available; an
interpolating technique amongst the four independent
variables is therefore developed. Each variable is bounded
within the smallest threshold relieved in the database, then
binary interpolation is carried out for two of these, while the
third and fourth are kept fixed at the lower-end value. The
repetition of this procedure at the fixed higher-end value for
the third coordinate gives a first result which is the
interpolation of the first three variables. For all these
operations, the lower-end value is kept fixed for the fourth
one. The repetition of the entire loop for the higher-end
fourth variable gives a second point, and the subsequent
interpolation between the previously calculated point and this
second one is the final result of the interpolation. The
procedure is a sequence of linear interpolations, so it is
invariant on the choice of the independent variable sequence.
To counteract the high non-linearity of chemical kinetics, the
physical steps used for the database building are kept as small
as possible.

As a final remark, the progress of autoignition chemistry
is taken into account by means of a passive transported

scalar, whose mass fraction is hereafter called YIG. The
interpolated autoignition delay τ drives the concentration
increase of this intermediate species using the correlation by
Lafossas et al. [6]:

(1)
Autoignition is tracked as soon as the precursor

concentration locally equates the fuel tracer concentration
YTF. It is then possible to define a Knock Tolerance scalar
function, as the local difference between the fuel tracer and
the intermediate species (2):

(2)
This scalar will be used throughout this study as a

measure of more or less pronounced knock tendency.
At the present stage of development, this model only

allows single-stage autoignition events. However, since the
investigated engine operation is a W.O.T. highly charged one
with a gasoline-like fuel, double-stage ignition as well as cool
flame phenomena are not expected and this approximation is
considered acceptable.

Two main advantages characterizing the modelling
strategy are here described. First, the adopted framework for
autoignition modelling allows the use of results from
mechanisms of any level of detail (as in the case of LLNL
gasoline surrogate) at a very limited numeric cost, since the
CFD code only interpolates the look-up table data for the
autoignition delay and it has to solve just one additional
transport equation for the intermediate species. No direct
chemistry modelling is therefore invoked in the CFD code,
thus negligibly affecting the computational demand. Second,
the methodology for autoignition prediction is completely
passive, so that it can be decoupled from the main
combustion event, thus enabling its use in conjunction with
any adopted combustion model. Moreover, from a modeling
standpoint, this approach constitutes a significant progress
with respect to the usual prediction of knock based on the
empirical correlations of Douaud & Eyzat [7]. Even if their
efficiency in predicting knock onset phasing has long been
recognized and they are still widely adopted, they lack of any
chemistry-based fundamental, making their use in this LES
approach a undesired approximation.

As a drawback, knock tendency has to be investigated for
every cycle because no evidence of knock occurs from
pressure fluctuations. Moreover, multi-cycle analyses taking
into account the auto-ignition self-enforcing tendency from
the previous knocking cycles are not possible at the present
stage, and are considered a significant step for methodology
improvement. Finally, no post-knock analysis is carried out,
as it is considered more significant to trace in detail the
proximity to knock rather than exactly evaluate the maximum
amplitude of pressure fluctuation and deal with knock
metrics. This kind of result is really difficult to correlate with
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the experimental practice, mostly because there is not a
standard for knock measurement and every engine
manufacturer has its own threshold values based on
experience.

Results
Gasoline surrogate validation

Three chemical mechanisms and blends have been
identified for a first validation of the autoignition modelling:

1.  Toluene-nHeptane-Ethanol-Isoctane (hereafter THEO)
mechanism by J.C. Andrae et al. [8], used in conjunction with
a proprietary blend for a commercial RON98 gasoline with
no ethanol addition, named RON98-E0 (courtesy of fuel
supplier);

2.  THEO mechanism by J.C. Andrae et al. [8], used for a
commercial gasoline with 10% ethanol content by volume
(courtesy of fuel supplier). Even if the octane rating of this
blend is slightly lower than RON98, it is named RON98-E10;

3.  Lawrence Livermore National Laboratory (LLNL)
Gasoline Surrogate Mechanism: a detailed mechanism for
gasoline surrogate was recently published by Lawrence
Livermore National Laboratory (LLNL) [9]. The surrogate
adopted in this study is the one proposed by Vanhove at al
[10] consisting of isoctane/toluene/1-hexene (47 / 35 / 18
mol. %).

It worth to point out that both blends based on the THEO
mechanisms show a very limited negative temperature
coefficient (NTC) characteristic, which is a common feature
for blends with a very high content of aromatic (toluene). On
the contrary, the LLNL model has a more marked NTC
feature. This is expected to result in slightly longer delay
times for this fuel blend. Each of the three mechanisms is
used to generate a fuel-specific look-up table of autoignition
delays by means of a constant pressure reactor model in the
framework of DARS-Basic Software [11]. Sample testing of
the three mentioned blends in typical engine conditions is
reported in Figure 1 and 2.

The p, T, Φ, EGR ranges are chosen with the intent to
fully cover the set of thermo-chemical conditions for unburnt
gas relieved in the investigated analysis. The same sampling
space is adopted for the three look-up tables, each of them
consisting of 25578 analyzed conditions.

A single cycle is chosen amongst the available ones for
the preliminary model validation, and three spark advances
(SA) are analyzed for the same cycle. The goals pursued for
this preliminary validation are:

• absence of knock onset for experimental spark advance, as
experiments showed it as the knock limited spark advance
condition (KLSA);

• detectable and wide knocking phenomena are expected for a
moderate and high increase in SA (respectively +3CA and
+6CA with respect to KLSA).

Figure 1. Autoignition delay vs. temperature for
stoichiometric mixture at high pressure (85 bar), no

residuals

Figure 2. Autoignition delay vs. temperature for rich
mixture at intermediate pressure (45 bar), 25% mole

fraction of residuals

Table 1. Summary of Spark Advance investigated to
examine proximity to knock onset

The difference arising in combustion progress for the set
of examined SA (summarized in Table 1) is clearly visible in
Figure 15 in Appendix.
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Hereafter the main combustion features of the SA
investigated for the same flow realization (i.e. for the same
cycle) are reported.

In Figure 3 the main features of combustion are reported
to highlight the increased heat release due to advances in SA
and the consequent growth in thermodynamic loading for
unburnt gas. As previously pointed out, the absence of
pressure fluctuations is solely due to the passive knock model
adopted and is not an index of regular combustion
development. Further investigations are needed in order to
assess the absence or not of autoignition events.

Local probe analysis
A first qualitative analysis of autoignition progress is

conducted by means of four local probes localized at the
outer border of each valve pocket. The motivation for these
measurements is that these regions are well known to be very
favourable to knock onset. Therefore, a local tracking of
chemistry progress can give particularly useful information
on the knock tendency of the operating point. Figure 4 reports
the locations assigned for point-wise measurements:

Figure 4. Probes arrangements: intake side on the right
of the figure, exhaust side on the left

However, it is important to anticipate that, being local
measurements at fixed locations, it is not possible to predict if

knock will eventually occur at the very same locations or in a
region close to the probes. Thus the presented results are to
be intended as purely qualitative and a more detailed analysis
will follow in the next sections.

Moreover, this comparison amongst fuel models has to be
intended as a general overview on fuel surrogate models: the
aim of this section is the assessment of trends common to the
three blends that could allow considerations independent of
the specific model for gasoline. Therefore, if some of the
adopted models predict knocking conditions (or “sufficiently
close to knocking” conditions), then particular care should be
adopted and the operating point could not be defined as safe
from knock in an absolute sense.

In Figures 5a,b,c the Knock Tolerance throughout
combustion is reported for the three blends for gasoline
surrogate, as well as the local combustion progress.

For experimental SA none of the blends under
investigation shows zero or negative Knock Tolerance, i.e.
verified autoignition criterion. This confirms that in the
selected locations the knocking condition is never reached.

For moderate increase in SA, the blends based on the
THEO mechanism reach values very close to the critical one
(i.e. the null value) for Knock Tolerance.

Finally, for high increase in SA the knocking condition is
clearly exceeded for both the THEO-based blends with a
local combustion progress still very close to null value, i.e.
knocking is verified in a fully unburnt region.

The higher knock tolerance relieved for LLNL Gasoline
Surrogate is in agreement with the larger autoignition delays
relieved for this blend in the intermediate temperature range,
as previously pointed out in Figure 1 and 2. Considering the
high rpm condition investigated, small differences in
autoignition delays can results in very different CA for knock
onset, and in this case this makes the difference between a
verified, intense knock and a knock-safe condition.
 

Figure 3. Combustion, Mass Fraction Burnt and Heat Release Rate for the three SA of the same cycle for gasoline surrogate
validation

Fontanesi et al / SAE Int. J. Fuels Lubr. / Volume 6, Issue 1(April 2013)102

Full document details: SAE 2013-01-1082

http://www.avadocuments.com/doc/sae-2013-01-1082
http://www.avadocuments.com/doc/sae-2013-01-1082


Statistical analysis
A deeper analysis is then carried out by resuming the

unburnt gas state with probability density functions (PDF) for
a given CA position. The combustion chamber is divided into
4 sectors, each one being 90 degrees and including one valve,
which gives hereafter its name to the sector. The reference for
the subdivision is the geometrical centre of the top-view of
the combustion chamber, although the spark plug location is
shifted towards the exhaust side of the combustion chamber.

The unburnt gas are identified by mean of a threshold
value for progress variable of combustion and they constitute
the statistical basis for this analysis.

The result is a set of sector-based PDFs, each of them
giving the distribution of the analyzed physical variable for
the specific sector at a specific CA.

An immediate and reasonable choice for PDF analysis
would be the autoignition delay. The instantaneous PDF of
this would give a clear indicator of how fast is the
autoignition progress approaching. This measure is closely
related to a reaction-rate idea, but gives no indication about
the effective proximity of the knock event (i.e. the
autoignition chemistry progress status).

On the other side the Knock Tolerance function is more
useful as it is the real cumulative function of the autoignition
progress and constitutes the comprehensive variable needed.

Figure 5a. Probe measurements for Experimental KLSA : Knock Tolerance for RON98-E0 (Black Line), RON98-E10 (Gray
Solid Line), LLNL Surrogate (Gray Dashed Line), left scale, and Combustion progress (Green Dotted Line), right scale

Figure 5b. Probe measurements for moderate increase SA (+3CA from KLSA) : Knock Tolerance for RON98-E0 (Black Line),
RON98-E10 (Gray Solid Line), LLNL Surrogate (Gray Dashed Line), left scale, and Combustion progress (Green Dotted Line),

right scale
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Thus when the knock condition is reached and exceeded it
will also assume negative values.

For this reason the Knock Tolerance function is chosen as
indicator of knock proximity or occurrence.

In order to draw coherent conclusions amongst
combustions characterized by different progress histories, due
to the progressive increase in SA, a very late crank angle is
observed. The observation CA is chosen as 30CA AFTDC,
because the mass fraction burnt (MFB) value is very close to
90% for all the SAs under investigation, as visible in Figure
3. From the PDFs of Knock Tolerance function it is possible
to track the proximity of the distribution to autoignition for
each of the three analyzed fuel surrogates.

The resulting PDFs for the investigated SA sweeps are
reported in Figure 6a,b,c for the four sectors of the
combustion chamber.

Figure 6a refers to the experimental SA and shows that
none of the blends is close to the null value for Knock
Tolerance at the end of the combustion process. This is a
clear indicator that the experimental SA in the simulations
never reaches autoigniting conditions for any of the
combustion chamber sectors. This result confirms the trend
observed in Figure 5a and it is in agreement with
experiments.

For a moderate increase in the SA (Figure 6b) non-
negligible probabilities of negative Knock Tolerance are
identified for the two blends based on the THEO mechanism.

Figure 5c. Probe measurements for high increase SA(+6CA from KLSA): Knock Tolerance for RON98-E0 (Black Line),
RON98-E10 (Gray Solid Line), LLNL Surrogate (Gray Dashed Line), left scale, and Combustion progress (Green Dotted Line),

right scale

Figure 6a. Gasoline Surrogate Analysis: PDFs of Knock Tolerance for the four sectors of the combustion chamber with
Experimental SA
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