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ABSTRACT

The growing awareness about the environmental impact of human activities and their influence on the
increased concentrations of greenhouse gases (GHGs) has recently affected research efforts in the
transportation field. Knocking in gasoline direct ignition (GDI) engine, is a kind of abnormal
combustion that can restrict engine energy efficiency. It can also lead to permanent engine damage,
under specific operating conditions. This paper focuses on the state of the art of engine knock research,
considering the causes, influencing aspects, effects and methodology to predict and to reduce the
probability of occurrence of this phenomenon. We present some examples of experimental procedures
that were followed to analyze this event, through visualization images that can be supported by
numerical activity, consisting of fluid dynamic simulation of the combustion process. Different systems
to measure engine knock intensity and some mathematical models to predict abnormal combustion, in
order to improve engine performance, are analyzed. Finally, in this work we try to give new
perspectives for future research, through the use of different techniques to achieve knocking reduction.
Keywords: abnormal combustion, direct injection engines, energy efficiency, environmental impact,
gasoline powered engines, transportation.

1 INTRODUCTION
The impact of energy conversion processes on the environment has been increasingly
relevant, because of the growing awareness of the effects of climate change on human living.
In particular, the optimization of performance and the reduction of pollutant emissions from
internal combustion engines have become important priorities, as a consequence of the
spreading concern about the availability of fossil fuel reserves, and more and more stringent
regulations on vehicle emissions at homologation [1].

In recent years, researchers and automotive industries have mainly focused on the analysis
of thermo-fluid dynamic and chemical processes, studying the processes within the
combustion chamber that are strongly related to engine performance in an internal
combustion engine. In fact, while some zero-emission technologies are under investigation
and development [2], internal combustion engines will continue being the most diffused
powertrains for cars in the near future. A good balance between the reduction of fuel
consumption and the improvement of performance is, today, the fundamental goal in both
the spark ignition (SI) or compression engine (CI) engine [1], [3]-[5]. Parameters such as
inlet pressure and temperature, spark timing, compression ratio, equivalence ratio and
exhaust gas recirculation (EGR) are strongly linked to energetic engine efficiency. As regards
the automotive market in Europe, Japan and North America, the projections foresee an
average growth of GDI engine penetration, which will triple between 2010 and 2020 [6].

The injection strategy within the combustion chamber represents one of the most relevant
aspects influencing both the power output and environmental impact of modern engines [1],
[7].

A Dbetter fuel economy with respect to the port-fuel injection (PFI) system is achieved in
the GDI system through greater flexibility to load changes, reduced tendency to abnormal
combustion (especially knock) and reduction of both pumping and heat losses [1], [8].
Combustion evolution is strongly related to the mixture distribution in the combustion
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chamber. The detailed analysis of these processes is a key aspect in the possibility of having
a complete ignition of the charge; namely, what can be considered as normal combustion [9]—
[11]. Uncontrolled mixture formations are responsible for knock occurrence. Abnormal
combustions verify when self-ignition develops around the in-cylinder end-gas zone of the
charge, not yet reached by the main flame front [1], [12]-[14]. Of these, engine knock is the
most known phenomenon. Abnormal combustion can lead to engine knock, as a function of
the temperature and pressure of the end gases’ evaluation. Knocking constrains the
performance of a SI engine, because it limits exceeding certain values of the compression
ratio and spark advance [1], [15].

2 METHODOLOGY

This phenomenon generates pressure waves, producing metallic ringing sounds, different
with respect to the mute sound produced during normal combustion. In Fig. 1(a) and 1(b);
respectively, we report examples of in-cylinder pressure obtained under no-knocking and
knocking conditions. The images clearly underline the typical ripple of pressure recorded
from the knocking type of combustion, with respect to normal combustion.

When knocking occurs over a long period of time, it can cause some undesirable damage
to the engine component: cylinder head erosion, piston crow and top land erosion, piston
melting, and/or breakage of piston rings [3].
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Figure 1:  (a) Typical in-cylinder pressure cycles under knock; and (b) No-knock

conditions [14].
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Figure 2: Conventional knocking-related damages [3].

Fig. 2 shows an example of some of these damages. Under knocking conditions, there is
also preferentially a rise in air pollution, engine specific fuel consumption (SFC) and noise
emissions [16]-[18]. Actually, complete knowledge about the main aspects that influence
knock evolution can be of great benefit with respect to the next emission standard, as well as
reducing development costs. Predicting knock is very complicated; for these reasons, it is
necessary to analyse in detail the processes occurring within the combustion chamber [15],
[18], [20], [21].

From this perspective, a synergic analysis between experimental and numerical research
can be a precious tool, in order to understand the causes of engine knock and to predict the
occurrence of this phenomenon. Due to its complexity, knock prediction represents a great
challenge to designers and researchers [22]-[24].

It is possible to use various methods to predict and detect knocking [15], [25], [26] by
means of different experimental techniques: for example based on in-cylinder pressure
analysis, or vibration signals [27], [28] or using time frequency analysis signal processing
[29]. In other applications on knock diagnostics, the ionization probe signals are correlated
with the pressure signals in the auto-ignition and burned gas area [30], [31].

To better understand the phenomena involved, scientists usually use advanced laser
diagnostics and sample laser techniques. Knocking can also be detected by monitoring
exhaust gas temperature [32].

To calculate a quantification of the intensity of the knock, today we use various indices.
The most common are based on the calculation of:

Maximum amplitude of pressure oscillations (MAPOs), related to the peak of the pressure
oscillations due to engine knock:
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or the integral of modulus of pressure gradient (IMPG), related to the modulus of the pressure
gradient:

g3f Idﬂ
IhFe = #Z f |c:se|
2
or the integral of modulus of pressure oscillations (IMPOs), related to the high frequency
oscillations of the cylinder pressure signal (including noise):

&l

IMPE = —Z f Blae
3
where N is the number of computed cycles, 8, is the crank angle that corresponds to the initial
time of the range of calculation,  is the amplitude of the window of calculation, and # is the
filtered in-cylinder pressure [15].
It is also possible to use other indexes like the Dimensionless Knock Indicator (DKI),

which depends on the ratio between IMPO and MAPO, and the Logarithmic Knock Intensity
(LKI), that is based on the average energy calculation [33].

3 KNOCK VISUALIZATION RESEARCH

Examples of optical images acquired during knocking conditions are shown in Fig. 3. The
exhaust and intake valves are located in the upper and lower regions of the image,
respectively; the spark plug is in the centre of the cylinder and the injector position is
represented by means of the green circle [26]. The optical area detected from a high-speed
camera is clearly represented in the image. Fig. 3 shows an image sequence at different crank
angle degrees (CAD) during a knocking engine cycle [26]. At different events before top
dead centre (BTDC), it is clearly evident that the hot spots arise at the downer of the frame,
generating the auto-ignition zone. The auto-ignition region moves towards the centre of the
chamber, near the main flame front, as shown at 8.6° CAD and 6.0° CAD BTDC. Finally,
the end-gas zone is burned completely at 0.6° CAD BTDC and 2.1° CAD after top dead
centre (ATDC) [26].

Another possibility to avoid favourable knocking conditions, and at the same time, to
reduce emissions of GDI engines with further lowered cost and a simple system can be
recently seen in the splitting of the injection into two or more events. Also, the start of
injection time is fundamental: if the first injection occurs during the intake stroke and the
second injection is made during compression, the knock is suppressed in the low-speed range
and soot emissions are also reduced. The benefits to the engine performance, in terms of
knock reduction deriving from the split injection, was recently investigated [34] by means of
the use of 3D Computational Fluid Dynamics (CFD). Numerical simulation can give
additional details on the flame front propagation and direction, and on the equivalence ratio
distribution, comparing a case of single injection during knocking conditions and a case of
split injection under no-knocking conditions.

4 CONCLUSIONS
Within this paper, a review of the energy conversion process taking place in GDI engines is
analysed, highlighting the advantages of the modern GDI with respect to the PFI engines.
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Figure 3: Flame front propagation during a knocking cycle [26].

The research underlines the most important current methods used to express a quantification
of knocking intensity, strongly related to an engine’s energy efficiency: different indexes are
used to measure knock, such as MAPO, IMPG and IMPO. In the combustion evolution
process, experimental optical diagnostic techniques are fundamental in the flame front
evolution, during auto-ignition. A synergic experimental and numerical activity currently
allows us to compare the experimental images of the flame front propagation with those
obtained from the numerical simulations, to analyse in detail the correlation between the
thermo-fluid dynamic features and the evolution of the combustion process.
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