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knocking combustion in turbocharged
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range of operating conditions
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Abstract
A combined experimental and numerical study is conducted on knocking combustion in turbocharged direct-injection
spark-ignition engines. The experimental study is based on parameter variations in the intake-manifold temperature and
pressure, as well as the air-fuel equivalence ratio. The transition between knocking and non-knocking operating condi-
tions is studied by conducting a spark timing sweep for each operating parameter. By correlating combustion and global
knock quantities, the global knock trends of the mean cycles are identified. Further insight is gained by a detailed analysis
based on single cycles. The extensive experimental data is then used as an input to support numerical investigations.
Based on 0D knock modeling, the global knock trends are investigated for all operation points. Taking into consideration
the influence of nitric oxide on auto-ignition significantly improves the knock model prediction. Additionally, the origin
of the observed cyclic variability of knock is investigated. The crank angle at knock onset in 1000 consecutive single
cycles is determined using a multi-cycle 0D knock simulation based on detailed single-cycle experimental data. The over-
all trend is captured well by the simulation, while fluctuations are underpredicted. As one potential reason for the
remaining differences of the 0D model predictions local phenomena are investigated. Therefore, 3D CFD simulations of
selected operating points are performed to explore local inhomogeneities in the mixture fraction and temperature. The
previously developed generalized Knock Integral Method (gKIM), which considers the detailed kinetics and turbulence-
chemistry interaction of an ignition progress variable, is improved and applied. The determined influence of spark timing
on the mean crank angle at knock onset agrees well with experimental data. In addition, spatially resolved information
on the expected position of auto-ignition is analyzed to investigate causes of knocking combustion.
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Introduction

Knocking combustion in spark-ignited engines is a
common irregular combustion phenomenon and can
lead to high peak cylinder pressures, pressure gradients,
and pressure oscillations. The consequences of these
irregularities can include major forms of engine dam-
age. Hence, knock is still a crucial aspect of engine and
combustion process development.1 A recent review can
be found in Wang et al.2 Different theories have been
developed to explain the origin of knock. Ricardo3 pro-
posed auto-ignition theory, which states that engine
knock originates in spontaneous auto-ignition pro-
cesses in the unburned gas ahead of the propagating
flame front, which provoke pressure and shock waves.
The original detonation theory describes engine knock

as originating in an accelerated primary flame without
auto-ignition processes in the unburned gas.4 The flame
accelerates to sonic velocity and consumes the end gas
at a much higher rate than at normal flame speeds.
Miller5 proposed a combination of detonation theory
and auto-ignition theory. This theory is based on the
assumption that ‘‘after-burning’’ is possible in a volume
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of gas that has already been burned by the propagating
flame or that has reacted due to auto-ignition. König
et al.6 showed that the reaction propagation originating
from exothermic centers depends not only on the tem-
perature and pressure, but also on the size, distribution,
and properties of the exothermic centers. Spicher et al.7

investigated knocking combustion in a single-cylinder
spark-ignition engine and showed that knock was
always initiated by auto-ignition in the unburned gas,
clearly separated from the normal flame front. The
occurrence of knock and its intensity strongly depend
on the mode of propagation following the initial auto-
ignition. Following the approach developed by
Zeldovich,8 and König et al.6 introduced three modes
of propagation originating from exothermic centers.
Based on these findings, Bradley et al.9 proposed a the-
ory that is able to classify the mode of auto-ignitive
propagation using two dimensionless parameters. Light
and moderate knock behave in a deflagrative mode,
whereas strong knock seems to be characterized by the
transition to developing detonations. In the case of
super-knock, several studies have indicated that this
most damaging knock mode is caused by detona-
tions.10–14 In principle, such local effects can be well
studied by multidimensional CFD simulations. While
most and even very recent studies used RANS
approaches,15–18 there is an increasing number of LES
studies.19–23 With the help of LES, Robert et al.21

showed that the intensity of the pressure oscillations
depends primarily on the amount of auto-ignited mass.
These results may only be explained by a knock theory
that combines the auto-ignition of hot-spots with the
transition to and the occurrence of detonations, sug-
gesting that:

� Knock is always preceded by auto-ignitions in the
unburned mixture.

� Under certain conditions, auto-ignition can lead to
knock.

� In the case of light and moderate knock, the pres-
sure wave from the initial auto-ignition is immedi-
ately separated from the reaction front. The knock
intensity mainly depends on the auto-ignited mass
and the reaction front behaves in a deflagrative
mode.

The scope of this work is to investigate knocking
combustion in turbocharged direct-injection spark-igni-
tion engines both experimentally and numerically. An
experimental study based on systemic parameter varia-
tions is performed focusing on the transition between
knocking and non-knocking operating conditions. The
experimental data is used to determine global knock
trends. Further, single cycles are analyzed in detail.
Based on that, numerical models for the analysis and
prediction of knock are applied. The intrinsic model
limitations are discussed, as well as implemented
improvements. With 0D knock modeling the global

knock trends are investigated for all operation points.
There is a special focus on how the model’s prediction
quality is affected when nitric oxides are taken into
consideration. Investigations are also carried out to
determine whether 0D knock modeling is able to pre-
dict and thus explain cycle-to-cycle variations in knock-
ing quantities, incorporating the detailed experimental
data. Finally, there is an examination of the extent to
which 3D CFD methods are able to predict spatial phe-
nomena that cannot be resolved by a 0D model. For
that purpose, local effects in the form of inhomogene-
ities in the mixture fraction or temperature are numeri-
cally investigated using 3D CFD simulations for
selected operating points. The generalized Knock
Integral Method (gKIM)15 is improved and applied to
predict auto-ignition. Detailed kinetics and turbulence-
chemistry interaction are incorporated to obtain
spatially resolved information on the expected auto-
ignition position.

The remainder of this paper is structured as follows.
First, the experimental setup and the post-processing
strategy are presented. Next, the 0D modeling
approaches are discussed and the model used in this
work to simulate knocking combustion is described.
The CFD setup is introduced, 3D knock modeling stra-
tegies are presented and the modifications to the gener-
alized Knock Integral Method are explained. The
results are discussed in the same order: first the experi-
mental investigations, followed by 0D numerical analy-
sis and concluding with a discussion of the 3D CFD
simulations performed. Finally, the main findings are
summarized and an outlook identifying improvement
strategies is given.

Experimental setup and choice of
operating parameters

The experimental investigations are carried out on a
turbocharged six-cylinder BMW engine with direct
injection, Valvetronic, and homogeneous charge com-
bustion. All operating points are close to full load.
Hence, the intake valve lift is set to its maximum value
of 9.9mm. All experiments are performed with RON98
gasoline. The engine specifications are summarized in
Table 1.

Table 1. Engine specification.

Specification Value

Engine type 6-cylinder in-line; gasoline
Combustion process Homogeneous charge; DISI
Valves per cylinder 4
Displacement volume 2979 cm3

Bore 84.0 mm
Stroke 89.6 mm
Compression ratio 10.2
Injector position Central
Type of injector Multi-hole injector
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The test engine is equipped with Kistler piezoelectri-
cal pressure sensors for measuring the cylinder pressure
and the intake and exhaust pressures. The cylinder
pressure sensor is mounted flush with the combustion
chamber dome to reduce acoustic oscillations. In addi-
tion, the engine-out CO2, CO, NOx, HC, and O2 emis-
sions are analyzed with a Horiba MEXA-7100HEGR
emission measurement system. The testing program
particularly targets the stochastic and complex nature
of engine knock. The impact of the air-fuel equivalence
ratio l, intake-manifold temperature Tint, and intake-
manifold pressure pint on engine knock is investigated
at engine speeds of 2000 and 5000 rpm (cf. Table 2). All
operation points are close to full-load. The parameter
ranges aim to reproduce realistic engine conditions of
knocking operation.

To study the transition between knocking and non-
knocking operating conditions, a spark timing sweep is
conducted for each operating parameter. With 7–18
spark timings per sweep, this results in almost 300 oper-
ating points. The air mass flow rate is kept constant for
all sweeps (except for the intake-manifold pressure
sweep) by adjusting the boost pressure. This particular
setting makes it possible to obtain a comparable cylin-
der mass, charge motion and turbulence during the
intake stroke. In total, 1000 single cycles are recorded
for each operating point.

For each engine speed one spark timing sweep is
conducted for all operating parameter variations as a
reference point (cf. Table 3). The reference sweep RS1
at 2000 rpm is studied in detail throughout this work. If
not stated otherwise, parameter variations correspond
to this base point.

Analysis of experimental engine results

The main experimental results are the measured pres-
sure signals, which can be used to obtain the burn rate,

wall heat losses, cylinder charge composition (fuel, air,
residual gas) and thermodynamic quantities. In this
work, Three Pressure Analysis (TPA) is used, as incor-
porated in the commercial engine cycle simulation tool
GT-POWER. The crank angle at which 50% of the
cylinder mass is burned (MFB50%) is derived from the
burn rate.

Looking more specifically at knocking combustion,
the most important global knock quantities are the
crank angle at knock onset (CAKO), the knock ampli-
tude (KA), and the frequency of knock occurrence
(FKO), respectively. All of these quantities can be
determined by evaluating the filtered cylinder pressure
signal.24–30 The characteristically high pressure oscilla-
tions of knock can be extracted by applying a zero-
phase high-pass filter. The frequency pass of 4 kHz
proves to be a good compromise between filtering out
undesired noise frequencies and preserving the typical
knock frequencies above 6 kHz. According to Schüle
et al.,29 a cycle is determined as knocking, if the filtered
signal exceeds an engine speed dependent threshold. A
threshold of 1.2 bar at 2000 rpm and 3.0 bar at
5000 rpm is chosen. The CAKO is defined as the zero-
crossing before the exceedance of this threshold. KA is
the maximum of the filtered cylinder pressure.

The mean CAKO and KA are determined from an
ensemble average of the knocking cycles:

CAKO=

PNcycle

i=1 CAKOi

Nknock
ð1Þ

KA=

PNcycle

i=1 KAi

Nknock
, ð2Þ

where CAKOi =0 and KAi =0 if i is a non-knocking
cycle.

The total number of knocking cycles is denoted by
Nknock. The frequency of knock occurrence may then be
written as

FKO=
Nknock

Ncycle
: ð3Þ

Besides the mean MFB50% of all cycles, a mean
MFB50% of the knocking cycles can be determined by

MFB50%knock =

PNcycle

i=1 MFB50%i

Nknock
: ð4Þ

Again MFB50%i =0 if i is a non-knocking cycle.

Table 2. Summary of testing program.

Engine speed l [–] 0.05 steps Tint [�C] 5�C steps pint [mbar] 100 mbar steps

2000 rpm 0.80–1.00 40–60 1780–2180
5000 rpm 0.75–0.90 40–60 1680–1980

Table 3. Reference spark timing sweeps RS1 at 2000 rpm and
RS2 at 5000 rpm.

Operating parameter RS1 RS2

Engine speed [rpm] 2000 5000
Lambda [–] 0.9 0.8
Int.-man. temperature [�C] 50 50
Int.-man. pressure [mbar] 1980 1680
Start of injection [�CA bTDC] 260 260
Rail pressure [bar] 200 200
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Simulation of knocking combustion

In this work, we use both 0D and 3D CFD approaches
to study knocking combustion and to compare the
simulations to experimental results. While 0D models
require much less computational time compared to 3D
CFD approaches, they cannot resolve local phenomena
such as temperature or mixture inhomogeneities. One
particular advantage, which is also extensively used
here, is that a large number of cycles can be simulated
to study cyclic variations. In contrast, 3D CFD knock
models are particularly suited for a detailed investiga-
tion of how spatial inhomogeneity and the turbulent
flame propagation influence the formation and location
of critical areas where auto-ignition is likely to occur.
In the following, we describe the 0D and the 3D model-
ing approaches separately.

0D knock modeling approach

In this work we use a 0D knock model coupled with a
1D engine cycle simulation tools. The gas dynamics in
the intake and exhaust system are captured by solving
one-dimensional conservation equations. The cylinder
is assumed to consist of two zones, unburned and
burned mixture. The mixture composition and tem-
perature are assumed to be homogeneous in each zone.

The capability of 0D knock models to predict the
time of knock onset and the knock intensity has been
demonstrated in numerous publications.24,31–35

Two approaches widely used to predict knock are
(semi-)empirical correlations or the direct modeling of
auto-ignition in the unburned zone. The knock integral
method (KIM) is a semi-empirical model introduced by
Livengood and Wu36 based on the assumption that the
chemical state of an auto-igniting gas can be repre-
sented by one species. Auto-ignition takes place at the
time tk when the concentration of this global species x½ �
reaches a critical value xc½ �. The history of the reaction
and the buildup of radicals are taken into account by
the temporal integration of the rate of change of the
concentration of this global species. To make it possi-
ble to solve the equation, Livengood and Wu proposed
a functional linear relationship between the rate of
change and the ignition delay time t:

x½ �
xc½ �

� �
tk

=

ðtk
t=0

d

dt

x½ �
xc½ �

� �
dt=

ðtk
t=0

1

t
dt=1 : ð5Þ

A more detailed approach is based on direct model-
ing of the chemical kinetics. Complex chemical reaction
mechanisms are used to predict the mass fraction of
each species involved. As will be shown below, in this
study we use detailed kinetics. This makes it possible to
study effects such as the reduction of the auto-ignition
delay time by NO. Further, the same detailed kinetics
will be used to tabulate the auto-ignition delay times ti
for the generalized knock integral method (gKIM) used
in the 3D CFD.

Implementation of 0D knock model

As mentioned above, a two-zone model is used. In each
zone, the conservation equations for mass, energy, and
species and the equation of state are solved by the
multi-purpose chemistry solver ProEngine incorporat-
ing chemical kinetics.15,37 The iso-octane reaction
mechanism consisting of 222 species and 1506 reactions
(cf. Mechanism B by Linse37) is extended by NO reac-
tions taken from.54

The mass exchange between the two zones, the total
volume of the reactor network and the wall heat losses
of both zones are taken into account by coupling with
GT-POWER. During the simulation run, the required
variables are transferred from GT-POWER to
ProEngine at each time step and the system of differen-
tial equations is solved.

The unburned zone is assumed to initially consist of
the fresh charge and internal residual gas. The trapped
fuel and air mass and the residual gas mass fraction are
determined by the GT-POWER gas exchange simula-
tions. The composition of the residual gas is calculated
with ProEngine. The total wall heat losses determined
by GT-POWER are distributed to the burned and
unburned zone by their respective volume fraction.

When determining the crank angle at knock onset
(CAKO), it is assumed that the time of auto-ignition is
an adequate approximation. The auto-ignition of the
unburned zone leads to a rapid exothermic energy
release associated with a steep temperature and pres-
sure rise. The CAKO is defined as the crank angle at
which the unburned temperature exceeds a specified
threshold.

3D CFD modeling approach

The 3D-CFD RANS simulations are particularly used
to study the global knock trends of numerous engine
operating points. In addition, local mixture, and tem-
perature information is used to investigate the tendency
to auto-ignition in different areas of the cylinder.

3D CFD setup and boundary conditions

CFD solver and modeling approach. The commercial code
ANSYS CFX is used to perform the 3D CFD simula-
tions. Turbulence is solved for by the standard k� e
turbulence model combined with the Kato and
Launder38 limiter to limit the production of turbulent
kinetic energy in stagnation regions. Turbulent pre-
mixed flame propagation is modeled using the G-
Equation model, which is a flamelet based level-set
approach that has been successfully applied to predict
premixed turbulent combustion in SI engines in several
scientific works.37,39,40 The reaction progress is
described by the Favre average of the progress variableec defined by a tracer species.

The meshing process is automatically controlled by
ANSYS CFX Pistongrid. A certain mesh is
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continuously moved until the quality is below the user
prescribed threshold. Then, the generation of a new
mesh is triggered and the results of the previous run are
mapped onto the current before simulation the contin-
ues. Time step control is achieved by limiting the maxi-
mum crank angle step Da to 0.25�CA generally and to
0.1�CA for the more critical phases of valve overlap,
injection and combustion.

The engine geometry is symmetrical with respect to
the tumble plane. Symmetrical valve lifts result in swirl-
free operation. The six-hole injector is aligned with the
symmetry plane of the engine. Due to this symmetry,
only a 180� mesh is used for the RANS simulations.
The meshes use continuous prism elements to resolve
the boundary layer and tetrahedral cells in the remain-
ing domain. The mesh resolution is increased in the
intake valve gap and the direct vicinity. This strategy
results in a total number of 500,000 cells when both
valves are closed and up to approximately 2.7million
when the intake valve is open. Figure 1 shows the com-
putational domain during the valve overlap phase and
when both valves are closed. The exhaust side is shown
in red, the intake side is highlighted in blue.

To ensure a good numerical representation of the
entire engine cycle, the following key aspects are
incorporated:

� Gas exchange: Boundary and initial conditions are
determined by 1D gas exchange simulations. The
pressure and temperature histories are specified at
the exhaust port outlet. At the inlet of the intake
port the mass flow rate and temperature history are
imposed.

� Fuel injection: The applied injection model is based
on the specification of the initial droplet velocity,
size, and distribution at the nozzle outlet. The par-
ticle properties correspond to the state after second-
ary breakup, that is, no breakup model is used.
Experimental spray visualizations for different ther-
modynamic conditions are used to calibrate the
model parameters (cf. Stach et al.41). Mass transfer
from the liquid to the gas phase is accounted for by
a suitable evaporation model.

� Wall temperatures: A detailed wall temperature dis-
tribution is obtained by an iterative 3D conjugate
heat transfer (CHT) simulation of the in-cylinder

flow, structure and coolant flow for selected oper-
ating points. This detailed distribution is scaled
based on the area-averaged wall temperatures pre-
dicted by a 1D engine cycle simulation for all
other points.

3D knock modeling approaches. Common CFD approaches
for knock can be divided into two major groups:

� Prediction of the onset of auto-ignition by a pseudo
precursor

� Direct modeling of auto-ignition by detailed chemi-
cal kinetics

The precursor models are based on the assumption
that the chemical state of an auto-igniting gas can be
represented by one reactive scalar. A transport equation
for the precursor is solved in order to take into account
the interaction of transport and chemistry.

Following the discussion above, the knock integral
method (KIM)36 provides a suitable description of the
chemical source term of the precursor:

e_vYp
=

1et : ð6Þ

Auto-ignition occurs when the precursor mass frac-
tion reaches a value of 1. Typically, the effect of the
turbulence-chemistry interaction is neglected. Hence,
the chemical ignition delay time et is determined using
the Favre-averaged local quantities, that is, chemical
composition and temperature, in each cell without tak-
ing into account their fluctuations, which may result in
a considerable error.

Precursor models have been widely used to predict
auto-ignition. Ignition delay times can be calculated by
an empirical correlation as done by Lafossas et al.42

and Kleemann et al.43 Both reduced reaction mechan-
isms (Teraji et al.44 and Christiner et al.28,45) and com-
plex reaction mechanisms (Jaworski et al.46) have been
used to compute and tabulate ignition delay times for
varying conditions.

One disadvantage of the precursor model is the
underlying assumptions for the source term modeling.
An alternative is the direct modeling of the auto-
ignition process, where simplified kinetics are, however,
usually employed. These can be either reduced versions
of detailed mechanisms47–49 or multi-step mechanisms
with pseudo-species such as the Shell model.50,51

In general, it should be noted that the use of RANS
modeling inevitably leads to a loss of statistical infor-
mation. This can be partially compensated for; for
example D’Adamo et al.16 considered turbulence-
induced variations in the knock onset. Additional
transport equations for the variance in the mixture
fraction and enthalpy are solved. Their joint effect is
taken into account by using a multivariate Gaussian
distribution to calculate the Favre-averaged chemical
source term of the knock precursor and its variance.

Figure 1. Computational domain: gas exchange (left),
compression/combustion (right).
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The introduction of statistical information makes it
possible to provide a quantitative estimate of the knock
probability. Similarly, the generalized knock integral
method (gKIM) used in this work uses local distribu-
tions of at least the temperature and the mixture frac-
tion to determine the source of the ignition progress
variable. Thus, it also takes into account turbulence-
chemistry interaction and the stochastic nature of
knock. The integration of an improved version of
gKIM into a 3D CFD framework is described next.

Improved generalized knock integral method. The following
section briefly describes the gKIM including some
improvements made for this work, and the coupling to
the 3D CFD solver. The generalized knock integral
method (gKIM) proposed by Linse et al.15 is chosen as
the starting point. A transport equation for an ignition
progress variable ecI is solved. One distinctive feature is
that the chemical source term takes into account both
auto-ignition and regular combustion, that is, flame
propagation.15 This ensure that the ignition progress
variable equals zero for ec=1. However, the formula-
tion of the chemical source is sensitive to numerical
inaccuracies.

Thus, an alternative formulation of the gKIM is pro-
posed. A transport equation for the Favre-averaged
ignition progress conditioned on the unburned ecI, u is
solved instead of the transport equation for ecI as in
Linse et al.15:

∂(�recI, u)
∂t

+
∂

∂xi
(�reuiecI, u)=

∂

∂xi

mt

Sct, cI, u

∂ecI, u
∂xi

� �
+ �re_vcI, u :

ð7Þ

Assuming that auto-ignition cannot occur in the
burned mixture, the ignition progress ecI can then be
expressed by a linear combination of the reaction prog-
ress ec and the conditional ignition progress ecI, u:
ecI =(1� ec) � ecI, u : ð8Þ

Further, an equation for the variance of the ignition
progress variable c

002 is solved.

∂(�r
f
c
002
I
)

∂t + ∂
∂xi

(�reuifc002I )= ∂
∂xi

mt

Sct, cI

∂
f
c
002
I

∂xi

 !
+

+2 mt

Sct, cI

∂ecI
∂xi

∂ecI
∂xi
� 2�reeek fc002I +2�r gc00 _vcI :

ð9Þ

The turbulent Schmidt number Sct, cI is set to 0:9 and
molecular diffusion terms are neglected.

The Favre-averaged chemical source terms are
derived by applying a presumed PDF approach. The
sample space variables of the joint PDF eP(u, uI,f) are
summarized in Table 4.

As in our earlier work, the following assumptions
are used:

� Only fully burned and unburned conditions appear,
which reduces the PDF of the reaction progresseP(u) to two delta functions.

� The reactive/non-reactive scalars C are statistically
independent.

Finally, the Favre-averaged source terms can be
expressed as:

e_vcI, u =
gt�1 jc=0 : ð10Þgc00 _vcI = ecIgt�1 jc=0 � ecIecIjc=0

e_vc � ecI � e_vcI : ð11Þ

The Favre-averaged inverse chemical ignition delay
time conditioned on the unburned mixture c=0 is
described by:

gt�1 jc=0 =

ðfmax

fmin

t�1jc=0 � eP(fjc=0)df : ð12Þ

The PDFs of the scalars C are summarized in
Table 5 (cf. Linse et al.15):

The clipped Gaussian PDF and the beta PDF are
uniquely defined by the Favre-average and the variance
in the corresponding quantities. The fluctuation inten-
sity ITjc=0

of the conditional temperature Tjc=0 is
assumed to equal the fluctuation intensity IT of the
unconditional temperature T.

IT =

ffiffiffiffiffiffiffiffigT002p
eT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffigT002 jc=0

q
eTjc=0

: ð13Þ

Table 4. Sample space variables of the joint PDF. The scalars
Ci are: temperature T, mixture fraction Z , pressure p, and
residual gas mass fraction YEGR.

Variable Sample space variable

c u
cI uI

C1 = T f1

C2 = Z f2

C3 = p f3

C4 = YEGR f4

Table 5. Presumed PDF of the reactive/non-reactive scalars.

Scalar PDF shape

eP(f1jc = 0) Clipped Gaussian PDFeP(f2jc = 0) Beta PDFeP(f3jc = 0) Delta functioneP(f4jc = 0) Delta function
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The variance in the unconditioned temperaturegT002 and

the mixture fraction gZ002 are determined by the corre-
sponding transport equations.

The chemical ignition delay times are calculated a
priori using the same iso-octane reaction mechanism as
in the 0D model. Subsequently the ignition delay times
are Favre-averaged, that is, convoluted with the PDF,
and tabulated as a function of the pressure, unburned
temperature, mixture fraction, residual gas mass frac-
tion, mixture fraction variance, and unburned tempera-
ture variance. During the CFD simulation run, the
Favre-averaged inverse ignition delay times are deter-
mined by linear interpolation of the table values.

The PDF shape of the ignition progress variable is
described by a clipped Gaussian PDF with upper and
lower limits of 1.0 and 0.0, respectively using the mean
and variance of the ignition progress. The ignition
probability is defined as:

Ip = prob(cI . z)=

ð1
uI = z

eP(uI; x, t)duI : ð14Þ

z is a user defined lower integration limit. By that
means, it is possible to identify a set OIp representing all
computational cells that exhibit an ignition probability
greater than a user-defined threshold e:

OIp = f(x, y, z) 2 <3jIp(x, y, z)ø eg : ð15Þ

z =0:95 and e=0:01 are chosen, as proposed by
Linse et al.15

Based on these cells, the critical mass can be
determined:

mIp =

ð
OIp

�r dV : ð16Þ

Experimental results

Knock is investigated experimentally and numerically
with 0D and 3D-CFD approaches. The experimental

studies provide a comprehensive data base for analyz-
ing global knock trends as well as for conducting stud-
ies on a per-cycle basis. The 0D knock model is used to
analyze how nitric oxide affects auto-ignition and
whether cyclic variations can be captured with experi-
mental single cycle boundary conditions. Finally, 3D
CFD simulations will be used to investigate how spatial
inhomogeneities in thermochemical state variables
affect the probability of auto-ignition at different loca-
tions in the cylinder.

First, the influence of the experimentally operating
parameter variations (cf. Table 2) on the combustion is
investigated. As expected, earlier spark timings shift the
combustion and earlier MFB50% can be observed.
Moreover, a faster combustion occurs with earlier
spark timings. A modification of the spark timing by
22�CA results in a MFB50% that is approximately
3�CA earlier. In Figure 2 an example of this is shown
for the variation in the intake-manifold temperature
and l at 2000 rpm. The variation in the intake-manifold
pressure exhibits similar behavior. An earlier MFB50%
leads to an increase in the cylinder pressure and end-gas
temperature and thus promotes knock. Therefore, the
evaluation of knock will be based on MFB50% instead
of the spark timing in the following.

Exhaust gas composition and residual gas content

An important parameter for the subsequent analysis is
the in-cylinder residual gas mass fraction, which is com-
puted by the pressure trace analysis for the averaged
engine cycles (single cycle analysis is discussed later). At
2000 rpm, the residual gas mass fraction is almost con-
stant at 1.25% and only marginally affected by varied
operating parameters.

Another important aspect is the engine-out exhaust
gas composition, which is hardly affected by variations
in the pressure and temperature of the intake manifold
and nearly constant over the different spark timings.

For the reference spark timing sweep RS1 (cf. Table
3), the measured emissions are summarized in Table 6.

Figure 2. Influence of spark timing and intake-manifold temperature (left) and l (right) on MFB50% at 2000 rpm.
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Richer mixtures of the testing program (cf. Table 2)
show less NOx emissions while for stoichiometric con-
ditions at 2000 rpm they are at around 3000ppm.

Global knock trends

Knock can be characterized by a few global quantities
such as the mean crank angle at knock onset (CAKO),
the mean knock amplitude (KA), and the frequency of
knock occurrence (FKO). The following discussion
only examines how l influences operating points with a
minimum FKO of 1%.

Figure 3 shows MFB50% or MFB50%knock (cf.
Equation 4) influence indicated mean effective pressure
(IMEP), FKO, CAKO, and KA, this is illustrated for
different values of l at 2000 rpm. Operation at
5000 rpm shows comparable trends.

� The richest mixtures have the highest IMEP as
shown in the upper left plot. This can be explained

by the fact that even at the same MFB50%, the
shortest combustion duration and thus the highest
efficiency is achieved by mixtures with the largest
burning velocity. A 1% reduction in air mass flow
rate and the lower burning velocity at stoichio-
metric operation result in an approximately 1 bar
lower IMEP. Higher IMEPs lead to an increase in
temperature and pressure in the end-gas and pro-
mote knock. Therefore, different IMEPs at the
same MFB50% may affect the knock evaluation.

� As expected, and as can be seen in the top right
plot, FKO increases with an earlier MFB50%. A
higher cylinder pressure and end-gas temperature
reduce the chemical auto-ignition delay times and
consequently increase the probability of knock. At
the same MFB50%, FKO decreases with richer
mixtures. Due to the lower ratio of specific heats
and the increased cooling associated with the heat
of evaporation of the excess fuel, the end-gas tem-
perature decreases and the auto-ignition delay time
is extended. The stoichiometric operation does not
comply with this trend due to a significantly lower
IMEP.

� The bottom left plot shows that earlier
MFB50%knock leads to an earlier CAKO. This is
due to the shorter ignition delay times. A shift in
MFB50%knock by 21.0�CA decreases CAKO by
approximately 1.5�CA. At the same MFB50%knock,

Table 6. Engine-out emissions for RS1 (cf. Table 3).

Species concentration 2000 rpm

CO [Vol-%] ’3.5
CO2 [Vol-%] ’11.0
NOx [ppm] ’1000

Figure 3. Influence of l and MFB50% or MFB50%knock on IMEP (top left), FKO (top right), CAKO (bottom left), and KA (bottom
right) at 2000 rpm.
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later CAKOs are achieved with reduced lambda
(with the exception of l=1:0 for the same reason
as before). The later CAKO of the richer mixtures
can be explained by the longer ignition delay time
associated with the reduced end-gas temperature

� The bottom right plot shows that an earlier
MFB50%knock promotes higher knock amplitudes.
This is due to the accelerated auto-ignition reac-
tions. As expected, leaner mixtures tend to result in
higher knock amplitudes with the exception already
discussed of l=1:0.

Correlations based on single cycle analyses

Knock is a stochastic phenomenon and usually the glo-
bal trends/statistics are reported. The extensive data-
base in this work allows to study also single cycles. For
this purpose, the 1000 individual cycles of the earliest
spark timing of the reference operating point at
2000 rpm are analyzed. The unburned temperature and
burn rate of each single cycle are obtained by the pres-
sure trace analysis. Cyclic variations in the cylinder
pressure and end-gas temperature are caused by cyclic
combustion variations. This detailed information

allows to quantify the impact of the single cycle
MFB50% on CAKO and KA (cf. Figure 4).

MFB50% has a strong influence on CAKO and the
correlation is almost linear as shown in the left plot. An
earlier MFB50% promotes earlier CAKO due to the
higher cylinder pressure and end-gas temperature. The
mean MFB50% of the knocking cycles (17.9�CA
aTDC) is considerably earlier than the mean MFB50%
of the non-knocking cycles (19.2�CA aTDC). Hence,
knock tends to appear in cycles with early MFB50%,
which is the expected behavior. However, there is not
such a distinct trend for the correlation between KA
and MFB50% as shown the right-hand plot. But high
knock amplitudes tend to occur at an earlier MFB50%.

The unburned mass fraction at CAKO is a measure
for the maximum possible energy release. The left plot
in Figure 5 shows that higher unburned mass fractions
at CAKO of up to 20% are observed with an earlier
CAKO. In the right plot of Figure 5, the correlation
between the unburned mass fraction at CAKO and KA
is depicted, which can be summarized as follows:

� The same KA appears at very different unburned
mass fractions at CAKO. This suggests that only a

Figure 4. Dependence of CAKO (left) and KA (right) on MFB50%.

Figure 5. Influence of CAKO on unburned mass fraction at CAKO (left) and dependance of KA on unburned mass fraction at
CAKO (right).

660 International J of Engine Research 24(2)



certain portion of the unburned mixture auto-
ignites.

� With a higher KA, the range of unburned mass
fractions decreases considerably, which indicates
that a higher portion of the unburned mass fraction
is consumed by auto-ignition. Moreover, the lower
limit of unburned mass fraction at CAKO for a cer-
tain KA level increases with a higher KA (indicated
by the dashed line). Hence, it can be concluded that
higher KAs are caused by a higher auto-ignited
mass fraction.

0D knock modeling

These experimental data are used in the following for
the 0D and 3D CFD simulations for comparison and
further analysis. First, the influence of NO on the igni-
tion delay time is evaluated for the operating points rel-
evant here.

Influence of NO on auto-ignition and knock

The impact of NO on auto-ignition and knock has been
studied in numerous publications.52–61 NO has been
found to significantly reduce ignition delay times and
therefore promotes auto-ignition and knock. Using
detailed chemistry allows to quantify how NO influ-
ences auto-ignition. Here, an adiabatic constant volume
reactor is initialized according to full load TDC condi-
tions. The temperature is set to 750K and the pressure
to 40bar; the mixture is stoichiometric. The fresh mix-
ture is diluted with NO to investigate the influence on
the ignition delay time.

As indicated by Figure 6, adding NO to the fresh
mixture has a significant influence on the ignition delay
time. For high concentrations (left plot) there is a dif-
ference in the predicted ignition delay time depending
on whether or not NO chain termination reactions are
included in the mechanism. However, experimental
results at 2000 rpm give a maximum NO concentration

in the unburned mixture of approximately 40 ppm,
resulting from a total residual gas fraction of 1.25%
and a maximum NO concentration of 3000ppm. As
indicated by the right-hand plot of Figure 6, already
this small amount of NO leads to a substantial reduc-
tion of approximately 30 % in the ignition delay times.

Simulation results – 0D model

To quantify how NO influences the predicted crank
angle at knock onset, 0D knock simulations of the
mean engine cycles of all knocking operating points are
carried out with and without the presence of NO in the
residual gas. The deviation between the simulated and
measured mean CAKO is determined as a measure of
the model accuracy. In addition, the mean mD and the
standard deviation sD of D=CAKOexp � CAKOsim are
computed to further characterize the model accuracy.
This analysis will be carried out for different operating
parameters, mD and sD of the individual spark timing
sweeps are determined. Based on Figure 6, the influ-
ence of NO is expected to be strongest for the operating
points with high NO concentrations. As briefly
explained above, NO emissions at the engine outlet are
hardly affected by the variation of temperature and
pressure in the intake manifold, but are strongly influ-
enced by l. Thus, the influence of NO on auto-ignition
is expected to depend on l.

Table 7 and Figure 7 summarize the results for mD

and sD for the spark timing sweeps for different air-fuel
ratios l at 2000 rpm. It can be clearly seen that a much
better agreement between the simulation and the experi-
ment is achieved when NO is taken into account, this
holds true both for mD and sD. Further, the difference
in mD becomes smaller for richer mixtures as a result of
the decreased NO emissions. The same trends are
observed for the intake-manifold pressure and tempera-
ture variations.

Considering the entire experimental test matrix for
2000 and 5000 rpm, the overall comparison is shown in
Table 8. This confirms the observation above that NO

Figure 6. Impact of NO inhibition mechanism (left) and small amounts of NO (right) on ignition delay times.
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must be considered in the simulation. This is remarkable
since the residual gas mass fraction only ranges between
1% and 3%, but the predicted knock onset is very sensi-
tive to the presence of NO in the exhaust gases.

It can therefore be concluded that NO should be
taken into account in a knock modeling approach
based on detailed chemical kinetics. In general, the
overall accuracy is remarkable despite the simplifica-
tions inherent in the 0D approach. The deviation
between the experimental and simulated CAKO is
between 21�CA aTDC and +1�CA aTDC for most
of the operating points. However, both CAKO and
KA fluctuate significantly at the same MFB50%, while
knocking and non-knocking cycles also occur. This will
be further analyzed in the following sections.

Cycle-to-cycle variations

The single cycle analysis shows significant cycle-to-cycle
knock variations even at identical MFB50%. While
cycle-to-cycle combustion variations certainly contrib-
ute to the knock behavior, additional effects must also
play an important role. Therefore, cyclic variations in
the cylinder mass, residual gas mass fraction and resi-
dual gas composition are investigated and the impact
on the predicted crank angle at knock onset is evalu-
ated by applying the 0D knock model.

The cylinder mass and composition are mainly influ-
enced by the intake and exhaust port pressure traces.
The 1000 single cycles of the earliest spark timing of the
reference spark timing sweep at 2000 rpm (cf. Table 3)
are evaluated and the trapped air mass and the residual
gas mass fraction is determined using the pressure trace
analysis. The results are depicted in Figure 8. The mean
of the trapped air mass and residual gas mass fraction
of the 1000 single cycles is almost identical to the results
for the averaged engine cycle (1046mg/1.23%). The
standard deviation of both variables is very small, indi-
cating that cyclic variations in the cylinder charge mass
and residual gas mass fraction are of minor importance.

We showed in the previous section that the composi-
tion of the residual gas influences the chemical ignition
delay times and hence knock. To better understand the

Figure 7. Deviation of predicted CAKO including NO (left) versus excluding NO (right). Variation in l and spark timing at
2000 rpm.

Table 7. l Variation at 2000 rpm: Influence of NO on mD [�CA] and sD [�CA].

2000 rpm With NO Without NO Difference

l Var. mD sD mD sD mD sD

0.80 20.40 0.89 21.27 0.99 0.87 20.10
0.85 0.19 0.78 21.57 0.92 1.38 20.14
0.90 0.76 0.28 21.14 0.38 1.90 20.10
0.95 0.67 0.62 22.04 0.82 2.71 20.20
1.00 1.10 0.51 22.61 0.70 3.71 20.19
All 0.33 0.87 21.66 0.95 2.00 20.07

Table 8. Overall influence of NO inclusion on mD [�CA] and
sD [�CA].

With NO Without NO Difference

mD sD mD sD mD sD

2000 rpm 0.30 0.74 21.69 0.81 1.99 20.07
5000 rpm 0.91 0.82 23.09 3.35 4.00 22.53
All 0.56 0.83 22.29 2.38 2.85 21.55
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effects of cycle-to-cycle variations, the 0D model is
used to determine the concentration of residual gas spe-
cies for 1000 consecutive individual cycles. The mea-
sured single cycle intake and exhaust port pressures are
imposed and the individual cycle burn rates are deter-
mined by means of thermodynamic calculations. Since
no information about the injected fuel mass of the indi-
vidual cycles is available, the same fuel mass is used for
each single cycle.

In addition, the modeling approach is applied to the
averaged engine cycles and validated against the experi-
mental data from the emission measurement system,
which can only provide time-averaged values. The mea-
sured and predicted mean CO, CO2, and NO engine-
out emissions of the reference spark timing sweep at
2000 rpm are shown on the left-hand side of Figure 9.
The model is able to capture the trend for the different
spark timings and can also predict the absolute value
of the engine-out emissions with reasonable accuracy.

When the residual gas model is applied to the pre-
sented 1000 single cycles, this gives the histograms of
the predicted single cycle CO, CO2, and NO engine-out
emissions, which are depicted on the right-hand side of
Figure 9. The residual gas species distribution functions
are close to the normal distribution. The mean values
of the 1000 single cycles match the results of the aver-
aged cycles and only minor fluctuations occur.

Although cyclic variations in trapped air mass, resi-
dual gas mass fraction, and residual gas composition
are small, given the strong sensitivity of auto-ignition
to residual gas mass and composition, the influence of
cyclic variability on single-cycle knocking behavior is
investigated. The CAKO of the 1000 consecutive single
cycles is determined by a multi-cycle knock simulation.
The single cycle results are used to initialize the residual
gas composition, the experimental intake and exhaust
port pressure traces are imposed and the combustion is
described by the corresponding burn rates. The

experimental and predicted CAKO of the single cycles
are depicted in Figure 10. The overall trend is seen to
be captured well by the simulation. However, the
model is not able to reproduce the fluctuations of
CAKO. At the same MFB50%, the experimental
CAKO has a fluctuation range of 2–3�CA, whereas the
simulation exhibits a fluctuation range of approxi-
mately 1�CA. Hence, cycles with similar burn rates
(MFB50%) lead to comparable predicted CAKOs.

Furthermore, the experimental results show that
knocking and non-knocking cycles occurred at the same
MFB50%. In contrast, the knock model predicts auto-
ignition in all cycles with comparable burn rates. This
indicates that the 0D model lacks information crucial
for the prediction of certain cycles. It is not unexpected
that the origin of the cycle-to-cycle variations in CAKO
and the occurrence of knocking and non-knocking
cycles cannot be fully explained by the 0D model since
it is limited to a spatially averaged description of pro-
cesses. Local effects such as mixture and temperature
stratification are not taken into account. Such informa-
tion can only be provided by 3D simulations which are
discussed next.

3D CFD using the generalized Knock
Integral Method (gKIM)

Based on the findings above, a selection of operating
points are investigated more closely using 3D CFD
RANS combustion simulations. In particular, the addi-
tional information provided by the presumed PDF
approach of the gKIM allows to investigate how tem-
perature and mixture inhomogeneities and the turbu-
lent flame propagation affect the local ignition
probability. The following discussion will be focused
on the reference spark timing sweep RS1 at 2000 rpm,
selected results are also shown for RS2 at 5000 rpm (cf.
Table 3). The values of MFB50% and the

(a) (b)

Figure 8. Fluctuation of the cylinder mass (left) and residual gas mass fraction (right): (a) histogram of the trapped air mass, and (b)
histogram of the residual gas mass fraction.
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experimentally determined knock quantities resulting from
the varied spark timings are summarized in Table 9.

For the gKIM, the Favre-averaged inverse ignition
delay times are tabulated after PDF integration. The
range covered and discretization of the six-dimensional
look-up table are summarized in Table 10.

Following the discussions above, NO is included in
exhaust gases.

Linse et al.15 suggested that the mean CAKO can
be determined by evaluating the history of the critical
volume VIP . In this work, a more distinct criterion is
used. The history of the critical mass mIp (cf. equation
(16)) proves to be more reliable, with the peak posi-
tion of mIp defining the CAKO. The benefit of the
critical mass is the independence from the instanta-
neous cylinder volume and hence the piston position.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Validation of the residual gas model (left) and predicted cyclic variations of the residual gas composition (right): (a)
experimental and predicted mean CO engine-out emissions, (b) predicted cyclic variations of the CO engine-out emissions, (c)
experimental and predicted mean CO2 engine-out emissions, (d) predicted cyclic variations of the CO2 engine-out emissions, (e)
experimental and predicted mean NO engine-out emissions, and (f) predicted cyclic variations of the NO engine-out emissions.
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Moreover, it is directly related to the possible energy
release of an auto-ignition.

Spark timing sweep

The comparison between the predicted and experimen-
tal CAKO is shown in Figure 11. The knock model is
capable of predicting how MFB50% (spark timing)
influences CAKO at 2000 and 5000 rpm. With an ear-
lier MFB50% the mean CAKO occurs closer to TDC.
However, the modeling approach predicts an earlier

overall CAKO. The deviation is about 2�CA at
2000 rpm and 3.5�CA at 5000 rpm. In general the
applied model is able to predict the trends with reason-
able accuracy. It should be noted that no model para-
meter adjustments were made based on individual
operating points to improve the comparison, as this is
beyond the scope of this study

Due to the particular testing program of an equal air
mass flow rate at all operating points, no considerable
difference in the mixture and temperature distribution
is observed. Therefore, knock is mainly influenced by a

Table 9. Spark timing sweep based on RS1 at 2000 rpm;
selected points and experimental results for the knock analysis.

Case MFB50% CAKO KA FKO
/�CA aTDC /�CA aTDC /bar /%

1 19.3 25.4 1.93 14.8
2 18.6 24.8 1.96 29.8
3 18.2 24.2 2.19 41.4

Table 10. Range of tabulation parameters and discretization of
the look-up table.

Variable Lower limit Upper limit Discretization

�p=bar 10 120 5eT jc = 0=K 600 1300 25eZ 0.045 0.095 0.02eYEGR 0.0 0.1 0.02
IT 0.0 0.25 0.025
IZ 0.0 0.25 0.025

(a) (b)

Figure 10. Multi-cycle knock simulation: (a) experimental single cycle CAKO, and (b) predicted single cycle CAKO.

Figure 11. Comparison of the simulated mean CAKO with experimental data for the spark timing sweep: 2000 rpm (left) and
5000 rpm (right).
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shift in combustion progress and the associated pres-
sure and temperature rise.

The temperature and mixture fraction distribution
of Case 3 are depicted in Figure 12. The variables are
evaluated on a horizontal plane at the corresponding
spark timing. Fuel-rich regions (stoichiometric mixture
fraction Zst=0:065) with high temperatures exhibit
the shortest ignition delay times. Hence, auto-ignition
is expected to appear first in these regions. As a result
of the fuel evaporation, rich areas tend to exhibit lower
temperatures. Very fuel-rich regions are located around
the squish areas, especially on the exhaust side.
Together with the wall heat losses, this leads to low
temperatures. A fuel rich region at elevated tempera-
ture can be found below the hot exhaust valve.

Sector analysis of critical areas

These basic observations give an indication of the criti-
cal areas in the combustion chamber. To gain addi-
tional information about the location and the behavior
of the critical areas, the combustion chamber is divided
into six 30� sectors (cf. Figure 13). The intake side con-
sists of Sectors 1–3 and the exhaust side is divided into

Sectors 4–6. The squish areas on the intake and exhaust
side are located in Sectors 1 and 6, respectively.

In each of the six sectors, the temporal development
of the following knock-related variables is evaluated
and depicted in Figure 14 for Case 3.

� Critical mass mIp : Measure for the initial energy
release due to auto-ignition.

� Average ignition probability of the critical cells
�Ip, crit:.

� Unburned mass mu: Mass that may be consumed
by the initial auto-ignition and the following
reaction.

� Average flame distance of the critical cells �dflame:
With a higher distance to the turbulent flame, more
time is available for auto-ignition and the subse-
quent reactions.

The predicted mean CAKO value is shown by a ver-
tical dotted line. The corresponding values at CAKO
are highlighted by dots. Sector 5 contains the largest
critical mass and ignition probability at CAKO. Sector
4 exhibits a lower critical mass compared to Sector 2
and 3, but it has a significantly higher ignition probabil-
ity confirming that auto-ignition tends to happen first
on the exhaust side. Moreover, the flame distance is suf-
ficiently large, which means that the unburned mass in
the critical sectors is not consumed by the propagating
flame within a few CA. This can also be seen from the
fact that the unburned mass in sectors 4 and 5 is twice
the critical mass. This mass is consumed by the reaction
wave that develops after auto-ignition.

Figure 15 shows the iso-volume of the critical cells
(Ip . 1%) at the instant of the predicted CAKO for
Cases 1 and 3 of the spark timing sweep at 2000 rpm.
The color of each computational cell indicates the local
ignition probability. The knock relevant quantities in
each sector at CAKO are summarized in Tables 11 and
12. Consistent with the discussion above, the regions
with the highest ignition probability are located on the

Figure 12. Case 3 of the spark timing sweep at 2000 rpm: Mixture fraction and temperature distribution at spark timing.

Figure 13. Definition of combustion chamber sectors.
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exhaust side (Sectors 4–6) and it can be seen that the
locations of probable auto-ignition are hardly affected
by the spark timing. Due to the high critical and
unburned mass, it can be concluded that knock origi-
nates from Sector 5 in most cycles. A second region
with a considerable critical mass can be found below
the intake valve (Sectors 2 and 3).

The analysis of the numerical knock variables can
indicate whether the experimental results are adequately
described in the simulation. The comparison shows that
the earlier CAKO in Case 3 leads to a larger total criti-
cal mass of 39.8mg at CAKO (Case 1: 28.8mg). In
addition, the average ignition probability of all sectors
increases slightly. Thus, Case 3 is more critical. This is

(a) (b)

(c) (d)

Figure 14. Evaluation of knock related quantities in each combustion chamber sector for Case 3: (a) mass of critical cells,
(b) average ignition probability of critical cells, (c) unburned mass, and (d) average flame distance of critical cells.

Figure 15. Ignition probability evaluated at the predicted CAKO for Case 1 (left) and Case 3 (right), spark timing sweep at
2000 rpm.
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in qualitative agreement with the higher FKO observed
in the experiments. Since the approach does not provide
information whether a cycle is knocking or not, a full
quantitative comparison cannot be made.

The experimental investigation confirm that higher
knock amplitudes correlate with higher unburned mass
fractions at CAKO. Therefore, for the higher KA of
Case 3, a higher total unburned mass at CAKO would
be expected. Again, the simulation results are consistent
with this trend. For Case 3, a higher total unburned mass
at CAKO of 138.1mg is observed (Case 1: 130.2mg).

Finally, Case 3 also shows a slightly higher �dflame in
all sectors, meaning that more time is available for
auto-ignition and subsequent reactions. This promotes
the higher probability of knock.

While the 0D simulations can only predict CAKO
for the mean mixture due to missing local information,
the 3D CFD simulations with gKIM provide detailed
information, for example, on the mixture and tempera-
ture stratification in the different combustion chamber
regions and on the distance of the flame to the prob-
able auto-ignition regions. First, it was shown for two
engine speeds that the global knock trends could be
predicted well. Second, a detailed analysis of the spark
timing variation at the reference point RS1 showed that
critical regions could be identified. These are essentially
the regions near auto-ignition where sufficient
unburned mixture is present.

From the comparison of the two ignition time
points, it can be seen that the quantities mcrit, �Ip, mu,
and �dflame evaluated from the 3D CFD are consistent
with the experimental trends.

Conclusions

Knocking combustion was studied experimentally and
with 0D and 3D simulation approaches both of which
use detailed chemistry. The basis was an extensive
experimental data base for two different engine speeds.

Variations of intake pressure, intake temperature and
air-fuel ratio were carried out. For each operating
point, a spark timing sweep was conducted. In order
not to change the fluid mechanical conditions and thus
to ensure good comparability, the air mass flow (load)
was kept the same. The main findings can be summar-
ized as follows.

� The experimental results showed that knock is
strongly affected by the combustion progress. An
earlier MFB50% (crank angle at which 50% of the
cylinder mass is burned) was shown to lead to a
higher frequency of knock onset (FKO) and an ear-
lier crank angle at knock onset (CAKO) and pro-
mote the occurrence of higher knock amplitudes.
Analysis of the individual cycles indicated that high
knock amplitudes may be correlated to higher
unburned mass fractions at CAKO. However, only
a certain amount of the unburned mass fraction at
CAKO is consumed by auto-ignition.

� NO contained in the exhaust gases must be consid-
ered when predicting auto-ignition/CAKO despite
very low residual gas fractions in the preceding
cycle. This was confirmed for all operating points.
A zero-dimensional knock modeling approach was
applied to the averaged engine cycles of all mea-
sured operating points. It was demonstrated that
neglecting NO leads to a significantly delayed auto-
ignition and reduces the overall accuracy of the
modeling approach. NO was also included in the
detailed chemistry approach in 3D CFD.

� It was demonstrated that the implemented zero-
dimensional knock model is able to predict the
mean crank angle at knock onset under various
operating conditions with reasonable accuracy.
These findings are based on the calculation of the
average cycle.

� The evaluation of the experimental results revealed
that considerable cycle-to-cycle knock variations

Table 11. Sector evaluation at CAKO: Case 1 of the spark timing sweep at 2000 rpm.

Sector 1 2 3 4 5 6

mcrit/mg 0.0 7.7 4.6 4.5 10.6 1.4
�Ip 0.00 0.05 0.05 0.21 0.39 0.21
mu/mg 19.7 33.1 27.3 16.7 19.4 14.0
�dflame/mm 0.0 2.2 2.0 1.6 1.6 1.0

Table 12. Sector evaluation at CAKO: Case 3 of the spark timing sweep at 2000 rpm.

Sector 1 2 3 4 5 6

mcrit/mg 0.0 11.3 8.4 5.8 12.6 1.7
�Ip 0.00 0.07 0.06 0.24 0.42 0.29
mu/mg 20.1 35.4 29.0 17.9 21.2 14.5
�dflame/mm 0.0 2.4 2.1 1.7 1.7 1.1
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occur, which cannot be completely explained by the
cyclic variability of the combustion. Hence, the 0D
knock model was applied on a multi-cycle basis to
investigate possible causes. In this work 1000 cycles
were considered for each studied operation point.
The overall trend was captured well by the simula-
tion. However, although all available information
was considered, the model was not able to repro-
duce the considerable fluctuations in CAKO at a
constant MFB50%. This indicates that knocking is
substantially influenced by local effects.

� To investigate these local effects on the formation
of knocking combustion, a modified generalized
knock integral method (gKIM) was proposed and
used in 3D CFD simulations. Detailed chemical
kinetics were applied and the impact of temperature
and mixture fraction fluctuations was taken into
account. The predicted CAKO was validated
against the experimental data. The results showed
that the modeling approach is able to capture the
trend for varied operating parameters. Critical
areas in the combustion chamber were identified.
The evaluation of the knock-related quantities in
the six combustion chamber sectors provided addi-
tional information, which helped to characterize
and classify the critical areas.

� With respect to the 3D CFD investigation, it should
be noted, that the RANS analysis is limited due to
its averaging nature. Although fluctuations are
taken into account in the gKIM, it does not fully
describe the stochastic nature of knocking combus-
tion which occurs in single cycles.

Future work

Recently published LES studies for a few selected oper-
ating points show very promising results to overcome
the limitations of RANS simulations. Future LES stud-
ies should aim to investigate comprehensive data sets
like the ones presented here. In addition, effects other
than mixture and temperature inhomogeneities, such as
boundary layer related phenomena, should be investi-
gated. Experimental studies should aim to include fur-
ther parameter variations, for example, with respect to
the injection process.
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